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1.0 INTRODUCTION
Numerous expeﬂinental studies and observations of real spill behaviour have

shown that when conventional and heavy crude oils and petroleum products are spilled
in the marine environment they are subject to a number of processes collectively termed
- "weathering", which cause profound changes in the oils’ physical and chemical properties
and composition. As weathering proceeds, the oils usuaily become ‘denser, and their
viscosity increases, and ultimately the oil masses may form semi—sélid droplets or tar
balls which ﬂbat in a near-submerged state at the water surface. This material may
 persist indefinitely on the sea surface, or become stranded on shore, or sink and become
incorporated into sediments. It is important to determine which types of oils, under
which conditions, are sub‘ject’ to which type of behaviour. Whereas most experimental -
-~ measurements are being made over the short-term, it is increasingly obvious that there
is a need to predict long term behaviour of qil because this oil may drift appreciable
distances from the source of the spill. - |

The purpose of this study is to design and test various methods which can yield
quantitative data for the long-term weathering phendmena of crude oils, especially héavy
crude oils, thereby, establishing an experimental protocol. Ultimately, it is desirable to
develop some form of mathematical modelling approach to transiate laboratory results
to marine environmental conditions.

‘The experimental approach taken was first to quantify evaporation and dissolution
on an individual basis. Evaporﬁtion is of importance because it can cause appreciable
density and viscosity increases. One aim is to devise an experimental protocol for
measuring the extent to which hydrocarbons will evaporate from oil, and in doing so,
- identify the hydfocmrbons which have evaporated. This is done in the hope that the
- protocol may be useful for routine characterization of .-oils in the marine or aquatic

environment.
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Dissolution _is less important from the viewpoint of loss of mass by the oil, but
it is critically important for the assessment of toxicity to aquatic and marine organisms.
Again, the objective is to develop an experimental protocol whereby oils may be

_subjected to controlled dissolution conditiohs, and the dissolved and remaining oil
identified and quantified.

. A second aspect has been to devise a relatively simple laboratory system for
measuring and observing the long-term weathering of crude oils on a water surface. The
oil is thus 'sﬂbjected to evaporation and dissolution simultaneously.

Any attempt to prepare a mathematical model of oil behaviour is rendered difficult
because of the very complex nature 6f crude oils, especially the large number of
‘components which are of unknown structure and properties. In this study, an attempt has
been made to develop a novel "matrix" approach for oil characterization during long-wrm
weathering by modifying a procedure developed for cha,:acterizing the long-term
ﬁrmthering behaviour of oils in a soil environment (Eastcoit et al., 1990). The general
concept is that the oil is divided up into a number of pseudocomponents or elements,
each of which has defined properties such as volatility, solubility, density, and viscosity.
As the oil is weathered, there is selective removal of these pseudocomponents caused by
exposure to evaporation or dissolution. The result is a change in the pfoportion of the
chemicals presént in the matrix, and thus a change in the properties of the bulk oil. In
principle, it should be possible to characterize the changing properties of the bulk oil
from the properties and changes in the magnitude of the matrix elements.

The key problem is the development of analyticai techniques which will enable
the hydrocarbons in the original and weathered oils to be categorized in a two-
dimensional matrix. = Gas chromatography is very convenient as a method of
characterizing the volatility of crude oils; thus one dimension of the matrix should

obviously be a separation of oil into rows which consist of pseudocomponents or
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elements similar in volatility. Itis d’&sirable to. separate the oil“i{r’:t"; matnxcolumns bésed |
on solubility, but this is more difficult. A first approach is to divide up the oil into
classes of hydrocarbons such as alkanes, aromatics and pOIaIS'which are known to have

‘widely different solubility characteristics. This is done experimentally by open column

chromatographic separation. A 'second approach is to separate the oil into gi_oups of

hydrocarbons which have similar solubilities. The different matrix approaghes are
investigated with the viewpoint of determining the preferred one. A synthetic oil is
valuable for testing and validating the models because it is a simple hydrocarbon mixture
 with known amounts of comﬁoﬁhds and well-established properﬁes. A model which can
be validated using the sjnthetic oil can be appiied with more conﬁderice to heavy crude
oils. | _' . |
In summary, the objectives of this siudy are

et devise protocols for exposing crude oils to evapbmtion and dissblution in isolation
under controiled conditions, _ | o |

. * to suggest and test analytical methbds which can be used to determine the composition

changes resulting ffom evaporation and dissolution,

* to devise and test a system Which eprses oil to both processes simuitaneously for a
_ lreIatively long period (mﬁnfhs) under conditions similar to those exisﬁng on an ocean
 surface, and

- ® to attempt to model _the effect of these processes on oil coinpoéitibn with a view to

estimating other oil properties such as density and viscosity.



2.0 LITERATURE BACKGRQUND
- 2.1 Weathering Processes
. Reviews which assessed the present understanding of the weathering processes
have been compiled by Jordan and Payne (1980), Huang (1983), Mackay (1987), Mackay
~ and McAuliffe (1988), Lee et al. (1989), and in the National Acader‘ny of Sciences
-~ reviews (1975, 1985). Recent reséitéh Is reported in the biennial American Petroleum
Institute Oil Spil! Conference proceedings, and in the proceedings of the EnQironment
Canada Arctic Marine Oilspill Technical Seminars. The most understood weathering
phenomena are evapomﬁon and di#solution.- It is with some confidence that descriptive

equations can been developed for these two processes.

2.1.1 Evaporation

Many studies under laboratory and field conditions have been conducted to
 investigate the effects of evaporation and dissolution on the behaviour of crude oils.
Evaporation is an -impértant weathering process in that it is the major mechanism which
alters tﬁe ofl mass and compdsition, and thereby, causes substantial éhanges in the oil’s
physical and chémicai properties such as density and viscosity. It tends to remove the
more volatile hydrocarbons from the oil most rapidly, that is, 50-70% of volatile lower
molecular weight compounds are evaporated in 10 to 26 hours after an oil spill.
Bxpreséions which quantify the évaporation rate have been developed by Yang and Wang
(197.7), Reijhart and Rose (1982); Mackay et al (1980) and Stiver and Mackay (1984)
using the mass transfer approach.

Stiver and Mackay (1984) introduced the concept of a dimensionless evaporative
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exposure, which is denoted as Qg, for the characterization of environmental and |
laboratory exposure conditions. It is defined as

KAt

-I-,: [2.1]

Qe
where A s the spill avea (), ¥, is the initial volume of il (), K is the overall mass
transfer coefficient (m/s) and ¢ is the time of exposure (s). The evaporative exﬁosure
Q; can also be viewed as the ratio of exposed vapour volume to the initial liquid
voluﬁié. If provides a baéis for cbr‘r{;.)aring. evépoféﬁén rafe# .und‘er a v.ariety of
environ_fnental condifidné. This 1s done by combmmg the exiﬁbsure QE with physical—
chc.emical_ prpperties of_ the oil,' @ely the dimen.\:sionles.s a1r-w-011 partition__ coefﬁcient
of the cﬂemical species Hy. As shown later, it is thé group H Q, which controls the
eXtént of evaporation. A similar approach can be appiied_ to .the dissolution process

invoking an exposure term Q,, and the water-to-oil partition coefficient Hp,.

2.1.2 Dissolution
Dissolution is primarily of concern from a toxicological viewpoint to the aquatic
and marine organisms. It is not important from the viewpoint of mass depleted from the |
- bulk oi, since less than 1% of the total mass is removed by dissolution. Harrisbn etal.
(1975) have examined rates of disappearance of aromatic and aliphatic compounds from
small surface slicks. It was found that dissolution rates are less than half of evaporation
rates for these compounds. However, it has been shown that the dissolved hydrocarbons

are relatively short-lived in the water column because they are still susceptible to
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evaporation. Hamoda et al. (1989) carried out studies on the volatilization of the portion
of crude oil dissolved in water. After 12 hours, approximately 80-95% of the dissolved

hydrocarbons have been removéd from solution by evaporation.

2.1.3 Water-in-Oil Emulsion Formation and Photolysis

Previous reviews of the formation 6f water-in-oil emulsions or "mousses” have
been presented by Payne and Phillip (1985) and Mackay (1987). These emulsions are
generally of high viscosity and high water content, and they profoundly affect oil
behaviour and feasibility of clean-up. The susceptibility of oils to form stable emulsions
was studied recently by Bobra (1990); It was found that asphaltenes, resins and waxes
in finely divided particles are effective emulsifiers. The mechanisms of mousse
formation are not well understood. There is pfeseritly no existing equation which gives
an adequate deécﬁption of this process. |

Qil spilled in the marine environment is also subject to photolysis as a result of
absorption of photons from sunlight. Sunlight has sufficient energy to cause the
formation of free radicals which may cause oxidation, resulting in the formation of
carboxylié acids, carbonyl compounds, alcoh'ol's, aldehydes, and other oxygenated
compounds (Bongiovanni et al., 1989). Generally, these polar compounds are
considerably more water soluble than the parent hydrocarbons, and the toxicity of the
water-soluble fractions may increase in the water column. Photolysis also induces the
formation of surface-active compounds which enhance the formation and stabilization of
emulsions. There have been a few studies on the -photolysis of crude oils by

Lichtenthaler et al. (1988) and Bobra (1989). The present ability to write a descriptive
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~ equation about the photolytic process is inade_qliatc when compared to evaporation and

dissolution.

2.2 Hydrocarbon. Groub-Type Separations and Analyses
'Li.qui‘d cﬁromatography .ha_s been used to provide detailed_characiérizaﬁon_of crude
. oils and petroleum products in the‘petroleum_ ihdustry. It is used for the purposes of
fingerprinting, hydrowbbn type analysis, and preparative separation ihto hydrocérbon
classes. | | | |
_ Methods have been developed for separating these hydrocarbon products into class
f_ractions. such .as saturates, olefins, aromatics and polars, or into aromatic ring-number
fractions such as Saturates, mono-, di-, tri-, and polyaromatics and polars because the
complexity of crude oils often requires preparative separation prior to instrumental
analyses. The compounds in mch. fraction can be identified by gas chromatography or
a combination of gas chromatography and mass spectrometry. Suatoni and Swabi (1975),
and Hayes and Anderéon (1986) developed high performance liquid chromatographic
| ('I-IPLC)_ methods to determine hygirocarbon group types of saturates, olefins, aromatics,‘
polar compounds and asphaltenes. Matsunaga (1983) and Gizzle and Sablotny (19.86)
‘studied the separation of crude oils and related materials (Rashid et al., 1989) into
aromatic-ring fractions by HPLC using several commercially available packings.
For quantitative work, calibration of the détector is necessary to establisli its
response factors. This is a major difficuity with the HPLC methods. Another problem
is the selection of a calibration standard which will give the correct or rational detector

response times. One approach is to obtain calibration standards from a crude oil which
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has been separated into the various fractions by classical liquid chromatographic

separaﬁoﬁ. Open column liquid chromatography on alumina-silica gel is described by
Cook .and Westlake (1976). This approach fractionates crude oils into saturates,
aromatics and polar compounds. It is time-consuming if applied to routine analysis;
however, it is useful as a hydrocarbon grdup separation 'fﬁethod for a ‘rel'atively.sma.ll
number of samples. Each of the methods must incorporate a sample preparation step to
' rcn.love'. the asphaltenes from the oils prior to group-type separation. The ‘individual
fractions are gquantified gravimetrically after the removal of the solvent used in the
elution. | |

It is desirable to have a preparative or semi-preparative’ liqui_ci chromatographic.
method whi#h will provide fractions for better characterization of crude oils with other

- analytical techniques.

2.3 Mathematical Models

Theré are incentives to describe in quantitative terms the fate of oil spilled in the
marine environment. A mathematical model would increase our understanding of
petroleum fate, and improve remedial measures.r ‘However, 1t is difficult to predict the
behaviour of crude oils in the marine environment because of the oils’ complex nature.
They consist of several thousénds of compounds of which many 'ha've unknown structures
and properties. Some researchers attempted to simplify the multicomponent oil system
by dividing up its compounds ilnto' groups based on property parameters, and assigning
to each group a set of representative physical-chemical properties. The pseudocomponent

 ‘approach was used by Yang and Wang (1977), Rasmussen (1985), and Réijhan and Rose



9
(1982). Yang and Wang assumed that the oil was comprised of eight fractions which
ivere chosen ac(:ording to carbon number and hydrocarboﬁ type. Rasmussen (1985) used
the same criteria in selectirig the six oil fractions. keijhart and Rose selected the 27
- pseudocomponents based on the true boiling point curve of the oil. For example, the
weight fraction of oil which boils off between 125.7°C and 139.1°C is represented by
" m-xylene. The properties of the bulk oil depended on the properties of the individual
- pseudocomponents. | |
- Eastcott et al. (1990) developed a modellihg approach called the "matrix method"
which was used td characterize the long-term weathering behaviour of oil in a soil
environment. The model predicts the time dependent changes in the composition and |
amount of the oil exposed to evaporation, .dissolution and bacterial degradation in soil
- from a detailed charactérizaﬁon of the parent or original crudé oils. Norman Wells crude
oil was divided into pseudocomponents according to a volatility-related parameter and
chemical class (i;e., normal alkanes, branched alkanes, isoprenoids, aromatics and
polars). Physical-chemical properties were assigned to each element based on reported
data for chémicais which are known to be present in that group. The pseudocomponents
chosen were representative of the compounds lfound in the oil, and therefore, they
B ajip‘roxiinat: the characteri#tics of the crude oil. Furthermore, 'th_e number of ¢omponents
| involved is still manageable which makes it feasible to predict the behaviour of oil
numerically.
Spill modeis are excellent for making routine predictions on an oiI’S éhanging
composition, and physical-chemical properties if they are propeﬂy calibrated with

laboratory data and validated using data from field situations. Models can be quick
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access to information on real spill condiﬁons without having to conduct ektensive and
expensive field studies.
The ability to model the fate of oil is largely controlled by the availability of
equations to characterize the effect of weathering processes on oil composition and
. properties, and the experimental data of thése variablés which are largely controlled by
analytical capability. Evaporation is a weIl-charabterized process, especially for pure
~ compounds and simple mixtures; however, only approximate equations are available to
describe more complex systems such as crude oils. For the dissolution process,
descriptive equations also have been developed for pure compounds and multicomponent
systems but they are less certain. As for the availability of experimental data, there exist
analytical methods which will provide sufficient information on the composition of crude
oils and petroleum products. |
It i.s against this background that the present study is undertaken with the specific
objective of developing and testing expérimental techniques in which crude oils can be
~ subjected fo controlled conditions pf evaporation and dissolution, and using liquid
chromatography to provide detailed characterization of the original and weathered crude
oils. The final goal is to establish a modelling approach which predicts the time-
dependent changes in the composition and amount of the oils exi:osed to evaporation and

dissolution. Experimental data are obtained and used to calibrate and validate the model.



11
3.0 MODEL DEVELOPMENT
3.1 Objectives

There are incentives to understand and describe, in qu;‘mtitative terms, the effec£ '
of the evaporation and dissolution processes on the fate of oil spilled in the marine
environment. In this study, a simple maihematical model is descﬁbed which estimates
the changes in composition, properties and amount of an oil as it is exposed to spill
conditions.

The overall aims of the modelling effort were first to assist in the design of
- laboratory experiments in which known amounts of oil are subjected to controlled
cﬁndiiions of evaporation and dissolution to -ob_tain changes in oil composition and
prope_rties,. and second to assess the current analytical techniques which can provide a
satxsfactory methodology of expressing the ihitiél oil composition in terms of element
amounts. Each element is assigned physical and chemical properties, and the fate of each |
element can be calculated with the use of "mixing rules” such as Raoult’s Law. The
.. results obtaine_d from the model must be __reconcik_ad with the experimental data.._ The final
task was to investigate diffe:'ént matrix "definitions®, that is, different groupings of
chemicals with an objéctiﬁe to determining the moét_éppropriate one from analyﬁéai and
modelling viewpoints, and the optimal numi)er of elements.

Experimental work was undertaken in which evaporation and dissolution were
isolated and quantified on an individual basis. To test the effect of evaporation on
| compeosition, the gas strii)pi_ng apparatus was used on oils which have a large proportion
of low boiling, volatile hydrocarbons, and the rotating mesh disk apparatus on dense and

viscous crude oils. Oil was exposed to dissolution by coating the oil on a solid support
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ancll' flowing water over the it for a period of timé. The amounf of oil which was
dissolved in the water was measured. In all cases, the voluhles of air or water exposéd
to the oil were known, and the change in oil composition was assessed by analyzing
weathered samples. The data obtained from experiments were used to help test and

validate the model for bil spill fate in the marine environment.

3.2 Hydrocarbon Properties and Synthetic Oil Mixture
It is logical to test the model with a system of hydrocarbons which is of known
- composition and has well-established properties to understand the underlying theory and
functioning of the model before applying it to a complex crude oil system containing
thousands of chemicals of which many are unknown in structure and properties. This
permits“. observation of the influence of the individual and collective properties of each
chemical exposed to .cont‘rollhed evaporation and dissoluﬁdn conditions on its amount in
the oil, and consequently, the effect on the composition and properties of the bulk oil
from the change in proportion of chemicals. Moreover, the synthetic oil, a simple
- hydrocarbdn“ﬁiixmre, is helpful in describing the development and use of the model. |
| The synthetic oil is 2 mixture of twenty compounds which were chosen according
to their chemical class, solubility, relative retention time to those of the normal alkanes,
and éxistence in crude oils. Ttis comprised of, approximately by mass, 69% saturates,
28% aromatics, and'3%"'polzlir (NSO) compounds. Table 3.1 is a COihpilation of the
initial mass percents and property data of the h}drdéarbbns". in the synthetic oil at 25°C.
The key parameters, which govern the fate of these hydrocarbons when present iﬁ the -

environment, aré tabulated in Table 3.2. They are vapour pressure, water solubility,
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Table 3.1 Initial mass percent, carbon number, molecular mass, boﬂmg point, density
and molar volume of hydrocarbons in the synthetic oil at 25°C

o . . Mass Carbon ‘Molecular  Boiling Molar
Compound ~ percent  number mass point Deasity volume
" : B S (g/mof) (O  (kg/m’) (co’/mol)

Normal alkanes _ .
n-octane 8.0 8 1142 1257 7.00x10¢  185.0
n-decane 70 10 1421 1740  7.30x10° 2294
tridecane | 4.0 13 184.4 2354  7.56x102  296.0
tetradecane 140 0 14 198.4 252.0  7.63x10?  318.2
hexadecane ' 99 16 | 226.4 287.0 7.75x10°  362.6
octadecane - 2.0 18 254.4 317.0  7.77x10%  407.0
cicossne 2.0 20 282.6 343.0  7.88x10° 4514
cyciohexane 4.0 6 84.2 8.7 7.79x16 1182
methylcyclohexane 4.0 7 98.2 100.9  7.70x10°  140.4
Isoprenoids
pristane 4.0 19 268.5 296.0 7.35x102 429.2
Aromatics _ _
toluene 607 92.1 1100 8.67xi0>  118.2
p-xyle;c“ 55 8 1062 1380 8.60x10°  140.4
: . npropylemmee S0 9 1202 1500 8.62x10? 1626
e lmethylnaphthalene_ 6.0 1 1422 2450 1.03x10°  169.8
i . oscensphthene 20 12 142 280 1731
L © phenanthrene = 20 4 1782 3390  103x10° 1992
pyrene 1.5 16 202.3 360.0 1.27x10°  213.8
NSO compounds
p-cresol L0 7 108.1 2020 1.03x10°  125.6
benzo[blthiophene 1.0 8 1342 210 LI6x10° 1397

quinoline 1.0 9 1292 2377 1.10x10°  159.5
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Table 3.2 Vépour pressure, aqueous solubility, Henry’s law constant and octanol-water
partition coefficient of hydrocarbons in the synthetic oil at 25°C

Cs, H, Henry’s law

Compound P:r’.l:::repw Solubiliy ¢ 1 ubitity constant 198 Kow
(kPs) (g/mr’) (mol/m)  (Pa~m’/mol)
Normal alkanes
n-octane 1.88 6.82x100  5.97x10° 3.15x10° 4.00
n-decane 1.75x10°1 5.20x102  4.05x107 4.31x10° 5.01
tridecane 4.43x10°3 1.04x103  5.64x10 7.86x10° 6.65
tetradecane 1.27x10%  6.55x10%  3.30x10°6 3.87x10° $7.20
hexadecane - 8.98x10°*  5.21x10°  2.30x107 3.89x10° 8.25
octadecane’ - 7.44x10%  4.05x10%  1.59x10°8 6.22x10° 9.32
eicosane - 2.18x107  3.11x10™  1.10x107 1.98x10° 10.39
Branched alkanes .
cyclohexane 1.27x10! s.7sxiol 6.83x107! “1s6x10% 3.4
methyicyclobexane 6.18 1.60x10! 1.63x101 - 3.79x10% 2.82
Tsoprenoids
pristane
Aromatics
toluene 3.80 5.15x10% 6.28 6.05x10% 2.65
p-xylene 1.17 2.21x10 2.08 5.63x10% 3.18
npropylbenzene ~ 449107 5.22x101  4.34x107! 1.03x103 3.69
l-methylnsphthalene  7.90x10%  2.84x101  2.00x10°! 396x10! 387
acenaphthene ~  2.87x107¢ 3.93 1.40x10°12 1.06x10! 3.92
phenanthrene  1.61x10°5 L8 25210 359 4.57
 pyrene 6.00xt07  13sx10t 132 9.27xio! 5.18
NSO compounds |
p-cresol 1.42x162  1.80x10*  1.66x10! 8.55x10°!
benzofb]thiophene ' 309
quinoline 155102 6.41x10°  4.73x10d 3.28x10°0

- *property of the subcooled iquid
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Henry’s law constant, and octanol-water partition coefficient. The molecular mass,

boiling point and density data are obtained from Verschueren (1977) and the CRC
Han;ibook.(W&st, 1983-1984). The Le Bas method as described by Reid et al. (1987)
is used to estimate the molar vohimés. The vapour pfessures of the normal and branched
alkanes, and most of thc_ PNAs are calculated from the-Antoin_e_ equation USihg constants
reported by Zwolinski and Wilhoit (1971). Thé constants for the pdlaf compounds are
takeh from Lange’s Handbook of Chemistry (Dean, 1979). The water solubility values
- are taken from many reference sources, and for compounds which are solid at room
. temperature (25°C), the subcooled liquid vapour pressure and water solubility are
approximated using the equation given by Prausnitz (1969). The ratio of the solid vapour

pressure (or solubility) to that of the liquid is estimated as

Ps

--i‘_s(_j'__l) [3.1]
P§ |

R\T

where P_f is the vapour pressure of the solid (Pa), Pf is the vapour pressure of the
liquid (Pa), AS is the entropy of fusion (J/mol-K), R is the gas constant, T,, is the

normal melting temperature (K), and T is the system temperature (K). Equation 3.1 can
be simplified for a system temperé.ture of 298 K (or 25°C) to the following expression

T,
2 |-In F-6. 76(1-—-)
T

S

PL
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where the entropy of fusion is shown by Yalkowsky (1979) to be approximately 56

J/mol-X for many organic compounds.

The Henry’s law constant, H , is calculated by the following e_quo.tion

S iad : [3.3]
c*

The octanol-water partition coefﬁciexit, Kow, can be regarded as the ratio of solubility
in octanol to solubility in water. Thelldg' Kow values are taken from two main references
which are Miller et al. '(1985) and Coate et al. (1985). |

The solubilities of the cynthetic oil were measured to be approximately 119 mg/L
in freshwater 'and 77 mg/L in salt water (3.5 wt% NaCl) by purge-and-trap analysis.
- The high values are attributed to the large proportion of lower aromatic and polar
compounds which are toluene, p-xylene, n-propylbenzene, p-cresol, benzo[b]thiophene,

and quinoline. These compounds are particularly susceptible to dissolution.

3.3- Matrix Methods

Tfie behaviour of crude oils is difficult to predict with a mathematical model
because of their complex nature. It is not feasible to 1dent1fy every compound therefore
the crude 011 system must be sunphfied 'I‘o decrease the number of compounds which
have to be identified and quantified, the oil is divided up into "pseadocomponents”. A
pseudocomoonent is defined as a group of hydrocarbons which is categorized as one
compound based upon a set of defined criteria, for example, having similar vapour‘
pressure or water solubility. The pseudocomponent" concept reduces the number of

chemicals involved to a managwble quantity.
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Tﬁe apﬁroach described heré for modelling oil behaviour is the matrix method
which sategorizes the compounds in the oil into a twoﬁimensional matrix ascording to
a volatility-refated parameter and their water solubility characteristics. The selection of
hydrocarbon grouping is controlled by the analytical techniques available. Gas
chromatog;aphy .i's a convenient method for characterizing the volatility of crude oils, and
thus, one of ths matrix dimensions is the grouping of compounds into rosvs according to
a volatility-relatéd property which is the elution tims on a'spei:iﬁé:d non-polar--capillary
column gas chromatograph. The rows are labelled as eiutibn groups. An elution group
is the group of chemicals which elute from the GC columﬁ in a specxﬁed time interval.
In this case, the groups were sélected os the basis of the retenﬁon: times of the normal
| alkanes whose peaks are easily 1dent1ﬁed by gas chromatography They are
approxlmately equ1d1stant and are used to dmde up the gas chromatogram. The
compounds which elute between two consecutive normal alkanes are considered to be in
the same elution group. The elution groups are designated as C, C7, C; up to C,,.
These labels do not necessarily denote the number of carbon atoms in the compounds.
For exdmple the elution 'groi'xp C consists of all cbmpounds which elute after n-hexane
 (n-Cy) up to and mcludmg n-heptane (n-C,) Benzene whxch zs a C, aromatics also
belongs i in elunon group C-, because it clutes between the Cﬁ and C~, normal alkanes
Callbrat;on of the non-polar capll_lary column GC at defined conditions was made with
: ; normal alkane ssandard (n-Cs to n-C,;) to determine the lower and‘ upper boundary
limits of each elution group.

The concept of elution groups can be more clearly explamed with the gas

chromatogram of the synthetic oil in Figure 3.1 The chromatogram has been divided up
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groups based on the retention times of the normal alkanes.
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along- the norrhal alkahé pmks Which ahe‘labéilea as CII v.vhe're. nis the carbon number
of the normal a.lkane To belong, for instance, to eluuon group C,,, the compounds must
elute after n-heptane (n-C-,) up to and mcludmg n-octane (n-C,,) These compounds are
methylcyclohexane, toluene and n-octane. -Tgble 3.3 illustrates the placement of the
hydrocarbons in the appropriate elution groups Which are aeter:"ﬁjned by the elution
characteristics of the capillary gas chromatograph used in the study. The table shows the
further élassificatioh of the hy&rocarbons in each elution group accordirig .to their
chemical class. | |

As previously mentioned, the second ‘man'ix dimension is the grouping of

~ compounds into columhs according to their wat;r—solubility characteristics. There are
thhee suggested approaches_. A first or “hydroc#;bon class” _approach is to _sepaxate the

oil into chemical classes of hydrocarbons which have widely different solubility

characteristics. The chemical classes are as follows: normal alkanes, branched alkanes,

aromatics and polar compounds. The branched alkane chiss_ :includes thé_cycloalkanes_

and isoprenoids. The isoprenoids can hé grouped as a separate chemical_ class if the

| biodegradation .process is considered in the model because they_ are more resistant to
bacterial degradation than the branchéd and cyclo-alkanes. The branched and

cyclo-alkanes are grouped together because it is difficult ’tbl isolate them by gas
chromatography, and therefore, the cycl_oalkanes are assumed to have the .properties

corresponding to those of the branched alkanes in the same elution g’rdup. The aromatics

is a well-defined group of hydrocarbons which are more water soluble than other

hydromrbons. ‘The polar compounds which 'coﬁtain' nitrogen, sulphur, or oxygen are

poorly identified. They are quite water soluble.



Table 3.3 lustrative matrix showing' the placement of hydrocarbons in the
- synthetic oil in the appropriate elution groups and chemical classes

20

elution | normal alkanes | branched alkanes aromatics polars
group "
Cs
C, | cyclohexane
Cs | n-octane methylcyclehexahe toluene
C | p-xylene
Cuo n-decane n-propylbenzene
Cu p-cresol
Cp
Cps tridecane benzo[b]thiophene
quinoline
Cu teﬁadecme 1-methylnaphthalene
c. :
Cie hexadecane acenaphfhene
Cl‘!
Cu octadecane pﬁstane
Cy phenanthrene
Cy eicosane
Cy pyrene

A second or "solubility” approech is the grouping of compounds in the oil based

on mean solubilities or oil-to-water partition coefficients. Both matrix definitions, the

"hydrocarbon class” and “solubility" approaches, are investigated with the view of

establishing the preferred one.

A third or "HPLC" approach which can be considered is to subject oil to HPLC

analysis and separate the compounds into classes based on aromatic ring-number such as

saturates, mono-, di-, tri- and poiyar_oma_tics,‘ and polar compounds. This method is



21
similar to the “separation of the compounds into class fractions of normal alkanes,

branched alkanes, aromatics and polar c'orripounds in lthe "hydrocarbon ch;s”' approach.

The definition of a pseudocomponent differs for &ach matrix approach. _Ih the
"hydrocarbon class” approach, a .pseudocomponent is defined as a group of compounds
which belong in the same elution group and cherﬁical class. Each pseudocomponent has
been assigned properties éuch as molecular mass, vapour pressure, water' solubility,
densify, molar volume, and water-to-oil and air-to-oil pa:titién coefficients based on
teported values fof chemicals which are known to be present in that group. Chemicals
with .known strﬁcture and properties' serve as representatives for rnany' unidentifiéd
compounds grouped in each pseudocomponent. Simple correlations have been developed
by Eastcott et al.. (1990) for molecular mass, density, vapour pressure and water
solubility. They are algebraic functions 6f the elution group number N and chemical
class, and are listed in Table 3.4. The values from the regression. equations are
presented in matrix form in Appendix A. For compounds which arg.solid at 25°C, the
subcooled liquid vapour pressure and water solubility values were used in deriving the
corrélation-s of these properties. The dimensionless air-to-oil and water-to-oil partition
coefficients, as discussed Ié.ter, are the kéy variables in the model development. They
are the ratio of hydrocarbon concentration in air or water to hydrocarbon concentration
in oil. The regression equations for these two variables are deduce_d from those for the
above physical properties.

The analytical approach used to divide the oil into p'seudoc;omi)onents is shown
in Figure 3.2. The oil is sepai'ated into a pentane-soluble fraction and asphaitenes by

precipitation with n-pentane. The asphaltenes are treated as C,, aromatics. The soluble
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fraction is then subjected to open column chromatographic separation into fractions of
saturates, aromatics and polar compounds. Capillary GC analysis of each fraction yields
both qualitative and quantitative information on each pseudocomponernt in the matrix.
The ability to analyze ‘the polar fraction is limited, and many of these compounds are not
well-characterized, but the amount found in crude oils is fairly small in comparison with
the other two fractions. However, to maké the matrix complete, the properties and

- composition of the polar compounds are estimated from available data.

Table 3.4 Regression equations for physical and chemical properties
developed by Eastcott et al.(1990) as a function of elution group number

(N) and chemical class.
Molecular Mass (W g/mol)
Saturates W = 1201 N + 2.016 (N+1)
~ Aromatics = 12.01 (6 + 4(N-6)/6) + 1.008 (6 + 2(N-6)/6)
Polars W for aromatics - 5
Vapour Pressure (P Pa)
Normal alkanes P = RT 10(4.37 - 0.556N)
Other saturates P = RT 10(4.24 - 0.509N)

Aromatics and polars

Water Solubility (C mol/m’)

P = RT 10(3-75 - 0.453N)

Normal alkanes C = 10(2-368 - 0.366N)

Other saturates 'C = 10295 - 0.565N)

Aromatics C = 10(2-794 - - 0.287N)

Polars C = 4 times C for aromatics
Density of Liquid (D kg/m®)

Saturates D =634 + 8N

Aromatics and polars D = 581 + 33N
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'Fxgure 3.2 Flowchart of analytical method for oil sample sepamuon into

chemical classes and elution groups.
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An illustration of the *hydrocarbon class” approach is shown in Table 3.5 which

gives the matrix of the initial masses of the hydrocarbons for 100 grams of synthetic oil.
Eﬁposure to evaporation will cause the depletion of elements in the matrix downward'
~along successive rows from more volatile how#rds fairly nonvolatile péeﬁdocomponents.
Dissolution will result in the loss of thé aromatic and polar compounds due to their high
water solubility. - | |
The f'solubi_lity" approach is ﬂ:e ghﬁping of compounds into rows according to
their elution characteristics on a GC, and .i_nfo columns based on mean solubilities. In
this case, a pseudocgmponent_ is defined as a group of compounds which are in the same
elution gfoup .and solubility class. For each solubility class, a linear correlation equation
was developed for each property as a function o_f elution grbup number N using data for
hydroéarbons compiled by Eastcott et al. (1988). The properties are molecular mass,
dénsity, water solubility and v#pour pressure. The equations are compiled in Table 3.6
asa functioﬂ of elution group number N and mm solubility.
Table 3.7 gives an example of the "solubility” approach. It is a matrix of the
initial masses of the hydrocarbons in 100 grams of synthetic qil. The columns are
| diﬁded into classes of mean water solubility with units of grams per cubic metre @/ ).
For example, the value of 10? g/m® represents the range in solubilitj from 50 glni’ to
5x10? g/m’. The matrix element at the top Ieft has the highesi vapour pressure and water
solubility. A near-diagorial matrix resulted with the elements above and below the main
diagonal having a mass of zero because, in practice, there d§ not exist any compounds
_ .which have high volatility as well as negligible solubility in water, or negligible vapour

pressure and high water solubility. ‘Exposure to evaporation will caiise the depletion of



‘Table 3.5 Matrix for initial mass per 100 g of synthetic oil or percent
using the "Hydrocarbon class" approach

elution normal branched

group alkanes alkanes aromatics polars totai
Cs 0.000 0.000 0.000 | 0.000 0.000
oA 0.000 4.000 0.000 0.000 4,000
Cy 8.000 4.000 6000 | 0.000 18.000
C 0.000 0.000 5.500 0.000 5.500
Co 7.000 0.000 5.100 0.000 12.100
Cu 0.000 0.000 0.000 1.000 1.000

" Cq 0.000 10000 | 0.000 0.000 0.000
Cys 4,000 0.000 " 0.000 2.000 6.000
cl.' | 14,000 0.000 6.000 0.000 | 20.000
Cis 0.000 0.000 0.000 0.000 0.000
Ci 19.900 0.000 2.000 0.000 21.900
Cy 0.000 0.000 0.000 10.000 0.000
Cus 2.000 4.000 0.000 | 0.000 6.000
Cp 0.000 0.000 2.000 0.000 2.000
Cx 2.000 0000 | 0.000 0.000 2.000
Ca 0.000 0.000 1.500 0.000 1.500
torall | 56.900 12.000 28.100 3000 | 100,000




26

Table 3.6 Regression equations for physical and chemical properties as a function of
-elution group number (N) and solubility class.

Solubility ~ Water - - -
“class  solubiltiy ‘Molecular mass Vapour pressure Density

_ ) (@/mo) — P Cefw)
1 10 | |

2 10°

3 10

4 1 _

5 10° W =1181 N+ 1378 P = RT 1043043 D _ 608 + 2IN
6 102

7 10°

8 10*

9 10°

10 10¢

1 107
12 1
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the psendocornponents in the same manner described for the first matrix definition. The
trend for dxssolutxon of the oﬂ will be the removal of elements along successive columns

- -- towards dectemng water solub1hty _. | .

Companson of the matnces from the "hydrocax’oon class and "solubility”
- approaches shows that the total amount of hydrocarbons in each corresponding row is the
same because each approach has the grouping of co.mpounds into elution groups as its
first matrix dimension. Tne "solubility" approacll is an alternative method of presenting
- the oil composition information but with a different emphasis from the .'"hydrocarbon
class” approach..' |

| .'I"he_ third or "l—IPLC" approachl has sintilaﬁties withd the “hpdrocarbon class”
method in that it groups the hydrocarbons in the synthetic oil mixture according to
chemiml_'classes and elution groups. Table 3.8 is the assumed matrix for the initial
masses of the hydrocal'bons in 100 grams of synthetic oil asing the "HPLC" approach.
~ The oil is believed to be separated into fractions of saturates, mono- di~, tri-, and
polyaromatlcs and polar compounds by I-IPLC Detailed analyses with chemicals of
known hydrocarbon type can help to elumdate the dszerent chemical classes that will
result when high performance liquid chromatography is used. It is recommended that
the "HPLC" approach be mvestlgated as a method of groupmg hydrocarbons for the
purpose of modelling 011 behaviour. The "HPLC" approach has the advantages of being
a fast and routine and could mtroduce consxderable ‘economics of time in the

determination.
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3.4 Transport Equations.

The mass fraction of each element or pseudocomponent can be compiled into a

composition matrix which can be converted into a mole or volume basis by the molecular

mass and molar volume. The assumption is that each element ¢ contributes to the total
vapour pressure PS and water solubility C* in proportion to its mole fraction x;, that
is, Raoult’s Law applies. The total vapour pressure and water solubility can thus be
calculated by a:_dding up the individual values as given by the following equations

Py xpf B4

cs-Yxcf - 3.5)
Deviations from ideality can be corrected with an activity coefficient contained in the
me property of the element. | |
To calculate the amount remaining of the oil, an assumption has to be made on
how the elements influence each other. It is postulated that evaporation and dissolution

* of an oil occur at a rate controlled by the sum of the individual rates of each element.

" Foran oil exposed to evaporation éﬁd dissolution fora penod of time dt, the amount of
hydrocarbon M,, moleS in éach pseudocomponent or element ¢ , changes according to
the differential equation
dM:"Mi(‘Hﬁ e~HpdQp) | ' (3.6]
Hy and Hp, are the dimensionléss air-oil partition coefficient and water-oil

‘partition coefficient of the element, that is, the ratio of the concentrations of the element
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in air (or water) to oil, and they are the key parametéfs in the model. They are shown

to be
. |
Hgtl% 3.7
RT
Hy~C/y, | | [3.8]

where P,-s is vapour pressuré (Pa), v, is molar volume (m*mol), R i§ the gas ‘constant_
(.8.314'Pa-m3l.mol-1(), T is the system temperature (K), and .C';'j is aqueoﬁs solubility
(mol/m?). P,-SIRT and 'llv,l'are the concentrations in air and in the oil, respectively._
C,-""vi is the ratio of the solubility of element i in water to thaf in the oil.‘

Qg and Q,, are the dir:#ensiéﬁle_s# evaporation and dissolution "exposures”. They
are controlled by either théir respe;:tive mass transfer coefﬁcients (kg and k;, m/h), the
areas (Ag and ‘AD m)., aﬁd the oilr volume V (m*) ﬁr if thé air.or water becomes

saturated, the flowrates of saturated air and water (G, and G, m*/h). These parameters

are defined as follows:

Q- kE:Er or G:I | {3.91
-2t o St 3.10]
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dQg~ dt or -};-dt ‘ [3.11]
kA G, |
+ dQp=~ V”dx or --V£ [3.12]

Equation 3.6 can be solved to give each M, as a function of time. However, a

numerical method is required for a rigorous solution because ¥ and v change w1th time
- ahd the concentrations of the nonvolatile compounds incr&sé with the loss of the
volatiles. To simplify the solutibn, it is éséurﬁed that 4, V and v are constant with
time. Therefore, the approximate solution is
Mi-Mbe('b'QfHP‘Qﬂ’;Mégf-z) [3.13]
| v?here
Z-HQ+HpQp

#nd M, is ihe initial number of hloleé and M, /Mw is thé frﬁction remaining. The
amount of | the oﬂ removed is (M;;Mi) of which attributable to evaporation and

dissolution, Tespectively, are

M, - M)HQD - [3.14]
Z .
and
M, - M)H,Qp) L [3.15]

Z
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If Qz, Qp and the iniﬁal composition of the oil are known, the amount remaining
.of each ellement can be calcﬁlﬁtéd, aﬁd tﬁe ne:v. composmonandthe Zt;)ta.l m#ss lost can
be. determined. The changeln the propéfiies of the bulk oil sﬁch'as'd'ensity, viscosity,
_ vapouf i)réssure and aﬁuéous solﬁbiiity may be estimated from the change in the
proportions of the elements pfesént, and the phyéical—chemical prope;'ties assigned to each
~element. It is important to 'predict: the propertiés_ of an oil éxposa;_d to the marine
‘environment in order to deterniine the beh;cwiour_ §f the oil before the appropriate
remedial measures can be decided. For example, if the oil's density is found to be
greater than the dé,nsity of seawater, 1024 kg/m?, then the oil is subject to sink into the
water éoiumti. Before the properties can be calculated, the model must be able give
accurate information on oil composition.. |
Using the "hydrdcarboii' class” approach, Table 3.9 and 3.10 are illustrative
calculations of the change in compOsitibn and .amount of the original synthetic oil in
Table 3.5 for exposure to Qg of 100000 and Q ﬁf 4000, respectively. The combined
exposure to Qg of 100000 and Q, of 4000 will yield the composition matrix shown m
Table 3.11. |
As mentioned earlier, it is assumed that the crude oil system is an ideal mixture.
- This simplifying assumption may not hold for such a compleﬁ(' mixture. 'T\a}o approaches
h'. \ can be ansid:@ toaccount fbf dev1at10ns fr_om. 1dea11ty Firgt isto ﬁdjust thé élgebféie
correlations for the properties with activity coefficients; The second is to fit each of the

exposure parameters @, and @Q, in equation 3.13 with a correction factor to obtain the

following equation



Table 3.9 Illustrative composition matrix corresponding to an evaporation

exposure Qg of 100000 using the "Hydrocarbon class” approach

elution normal branched

group alkanes alkanes aromatics polars total -
Cs 0.000 0.000 0.000 0.000 0.000
C 0.000 0.000 0.000 0.000 | 0.000
C, 0.000 0.000 0.000 - | 0.000 | 0.000
C, 0.000 0.000 0.022 0.000 0.022
Cuo 1.934 0.000 0.669 0.000 2.603
Cue 0.000 0.000 0.000 | 0.491 0.491

" Cp 0.000 0.000 0.000 0.000 o'.ooo
Co 3.864 0.000 0.000 1.820 5.684
Cu 13.857 0.000 5.791 0.000 19.648
Cs 0.000 0.000 0.000 0.000 0.000
Cus 19.882 0.000 1.991 0.000 21.873
Cy 0.000 0.000 0.000 0.000 0.000
Cus 2.000 3.998 0.000 0.000 5.998
Cs 0.000 0.000 2.000 0.000 2.000
Co 2.000 0.000 0.000 0.000 2.000
Ca 0.000 0.000 1.500 0.000 1.500
total 43.537 3,998 11.973 2.311 61.819
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Table 3.10 Hlustrative composition matrix corresponding to a dissolution
- exposure Q,, of 4000 using the "Hydrocarbon class” approach

elution npormal branched :

group alkanes alkanes aromatics polars - total
C 0.000 0.000 0.000 0.000 0.000
o 0.000 3.777 0.000 0.000 3.777
G, 7.964 3.930 | | 1.461 0.000 13.355
G 0.000 0.000 2.562 0.000 2.562
Coo 6.997 0.000 3.382 0.000 10.379
Cu 0.000 0.000 0.000 0.430 0.430
Cy 0.000 0.000 0.000 0.000 | 0.000
Css 4.000 0.000 | 0.000 1.572 5.572
Ce 14.000 0.000 5.804 0.000 19.804
Cys 0.000 0.000 0.000 0.000 0.000
o 19.900 0.000 1.982 0.000 21.882
Co 0.000 0.000 10.000 0.000 0.000
Cas 2.000 4.000 0.000 0.000 6.000
Cy 0.000 0.000 1.997 0.000 1.997
Ca 2.000 0.000 0.000 | 0.000 2.000
Cx .' o;ooo : 0.000 1.499 0.000 1.499
total 11.707 18.687 2.002 89.257

56.861
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Table 3.11 Tllustrative composition matrix ¢orresponding to a combined
- exposure of Q;=100000 and Qp=4000 using the "Hydrocarbon class™
2 S NET e _ ‘

elution normal branched ‘
group alkanes alkanes aromatics polars ~ total
¢ | 0.000 0.000 0.000 | 0.000 0.000
C 0.000 0.000 0.000 0.000 0.000
c, 0.000 0.000 0.000 0.000 0.000
c, 0.000 | 0.000 0.010 0.000 0.010
Cu 1.933 0.000 0.444 0.000 2.377
Cy 0.000 0.000 0000 | oz 0.211
Cu 0.000 0.000 0.000 0.000 0.000
Cs 3.864 |  0.000 0.000 1.430 5.294
Cua 13.857 0.000 5.602 0.000 -19.459
Cys 0.000 0.000 0.000 0.000 0.000
Cie 19.882 0.000 1.972 0.000 21.854
Co 0.000 0.000 0.000 0.000 0.000
. Cu 2.000 3.998 " 0.000 0.000 5.998
Co 0.000 0.000 1.997 0.000 1.997
Ca 2000 | 0.000 0.000 0.000 2.000
Ca 0.000 0.000 1499 | 0000 1.499
total | 43.536 3.998 11.524 1.641 60.699
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M- M“e('”;ﬂr”nfnéﬂ ‘ | [3.16]

The correction factérs"' fe and fp can be estimated by statistical analysis of the
expei‘imeﬂwl and mafhematiéal model data,

| The matrix épproaches were .implemented in cdxhputer programs written in

IBM-PC Basic language (Appendix B). The pfograms rgﬁuire as iriput data the mass

percent of tile c_ompounds in the_jparent or originzﬂ oi1 .in terms of _fnatﬁx elements, and

the _valﬁes éf the exposure parameters Qp and Qp. It then generates a composition

matrix of the wgathered.oil, and a matrix showing .the. mass lost by each element from

 the initial 100 gram of oil.
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4.0 EXPERIMENTAL
4.1 Materiais

The heavy crude oils were supplied by Environment Canada and the US Minerals
Management Service. A synthetic oil and an Environmental Protection Service (EPS)
standard oil were used to help develop an experirﬁental protocol whereby heavy crude
oils may be subjected to controlled evaporation and dissblution conditions.

The physical-chemical properties of the heavy crude oils are listed in Table 4.1.
Their densities excwd 900 kg/m’, but theiare less dense than freshwater and salt water
which have :respective denéiﬁes of 1000 l(g/-.m.3 and 1024 kg/m3, Density and viscosity
values were taken from Lee et al. (1989). Thes oils’ chemical compositions were
characterized by gas chromatography, and their gas chromatograms are shown in Figure
4.1, Table 4.2 gives the composition of -the oﬁginai oils which were obtained by open
column chromatographic analysis. California Crude API 15 oil has appreciable amounts
of highly volatile. and water-soluble hydrocarbons, and a water solubility of
approximately 26 mg/L in freshwater and 15 mg/L in salt water. California Crude API
11 oil has slightly less volatile compounds, and half the amount of the very water—solﬁble
hydrocarbons. Bunker C fuel oil consists mostly of the higher molecular weight
compounds which accbunt for the low water solubility values in freshwater and salt
water. Cold Lake bitumen is a complex mixture of hydrocarbons; the single dominant

peak is aromatic in nature.



California Crude API 15

2‘ tane
e

Bunker C Fuel Oil
Cag
Sy
P % ©2s
-
i e
Cold Lake Bitumen

- Figure 4.1 Gas chromatograms of heavy crude oils and residual fuels.

39



Table 4.1 Properties of heavy ciude oils and residual fuels

API |

Qil Type Gravity Density  Viscosity Solubility
‘  @2+2°C @15°C ddHO satH,0?

Gg/ov) __(cp) ~ (mg/l) ~ (mgl)

California Crude APY 15 0il  13.2 968 31000 257 147
California Crude API 11 0ii  10.8 978 34000 113 9.78
Bunker C fuel oil 12.3 971 48000 423 1.95
Cold Lake bitumen 9.8 985 240000  0.26 0.13
EPS! | | - 86 709 345 ~
'Environmental Protection Service (EPS) standard crude oil which was used in prélimina:y
experiments.
Zmeasured at 20°C.

33.0 wt% NaCl in salt H,0.

Table 4.2 Hydrocarbon analysis of heavy crude oils and residual fuels by open
¢olumn chromatography

Oil Type Saturates Aromatics NSO compounds Asphaltenes

California Crude AP 150if 483  21.8 5.1 248

California Crude API 110it 225 485 5.1 239
Bunker C fuel oil 33.2 stz 5.1 105

Coid Lake biumen 166 192 249 193

EPS oil 75.5 18.6 3.6 2.3
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4.2 Oil Weathering

4.2.1 Evaporation
Two experimental methods were used for oil evaporation: gas stripping and

rotating mesh-disk techniques.

Gas Stripping Techniqfte_

The stripping technique was to ﬁse a modified version of the gas stripping
apparatus (Stiver and Mag:kay;' 1984) which is shown in Figure 4.2. A 250-mL
graduated cylinder was fitted with a lid from which a glass .tube was extended to the '
bottom of the container. The lower end of the inlet tube was enclosed except for several
pinholes througﬁ which air was bubbled. Two gas traps were connected in series to the
outlet of the cylinder. These vessels Qfere similarly constructed, but the inlet tubes were
open at the bottom. The gas traps were cooled with liquid nitrégen.

Air was prdvided by the laboratory supply, and was filtered with a molecular
sieve trap before it was used A ‘Scientliﬁc‘;“Wgt__Tgést Mé.ter was used to measure the
cumulative air flow :th__fough the gas sfripping system.

" The graduated cylinder was filled with a known mass and volume of oil, and air
was bubbled tﬁrough the oil at a rate of 400 mL/min through the system. The air supply
was periodically stopped, and at which time, the remainihg, mass and volume of the crude
oil in the cylinder were measured as a function of the volume of air which flowed
passed. In addition, oil samples were analyzed by gas c':h.llomatbgraphy to quantify the
extent to which hydrocarbons were evaporated from oil. The compounds stripped from

the oil were recovered by the gas traps and subjected to analyses. The recovery
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air to vent
-
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airin  -» _
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crude oil
| \\
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| _ \“ N liquid mtrqgen
)

graduated cylinder

integrated'
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Figure 4.2 Gas stripping apparatus for evaporation.

rotating device

mesh disk _

crude oil

~

b —1-11

connected to
power supply

Figure 4.3 Rotating mesh-disk apparatus for evaporation.
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efficiency of the evaporated hydl_'ocarbon_s averaged 90 %. Measurements were thus
made of the weathered oils’ changing composition, amount, and density as a function of

the ratio of exposed air to the initial oil volume which is denoted as Qe.

Rotating Mesh-disk Techniqﬁe

A second more rapid method of weathering oil by évﬁporation was to use a
rotating mesh disk appémtus which is iuu's_uatéd in Figﬁre 43. Appropriate amounts of
oil (;-1 gram) were applied to PeCap® poiyester (Tetko Inc.) mesh disks of 60 mm
diameter. These oil-covered disks weré_secu@ to the _rotatipg device lin which the
continuous circular movement of the apparatus prevented the oil from dripping off the
| mesh disks, The entire system was placed in a dark fumehood, and subjected to
turbulent air flow. The effective air flow rate for the system can be determined by
comparison of the oil composition data with those obtained from the air stripping
experiment. With this method, there is a substantially increased rate of evaporation.
Periodically, an oil-covered mesh disk was retfieved fof measurements pf mass in air and
in water, and thus the density of the weathered crude oil can be calculated. Ultrasonic
vibration and n-pentane were used to loosen the oil from the mesh disk, and the
lasphaltenes were precipitated out, filtered and weighed. The pentane-soluble fraction of
the oil was subjected to open column chromatogfaphy. | |

To further accelerate the evaporation process, distillation or tray evaporation can

be used.&



4.2.2 Dissoluﬁoq
" The generator column method was previously teviewed and discusied by
Biilington et al. (1988) and Shiu et al (1988) fdr preparing solutions of single component
systems and' mulncomponent oil systems Such as cmde:bils‘. Heré, :this method was used
to determine the identity of the dissolved hydrocarbons, and the extent to which they
were dissolved as the water to oil volume wés increased. |
A U-tube generator column was packed with Chromosorb W (mesh size 80/100,
Mansville Products C01.'p'.) which was coated with 20 % by volume of oil. Glass wool
~ was plugged into the ends to secure the Chromosorb W in the column. Double-distilled
water was pumped with a Beckman solution metering pump through the column at a rate
of about 3.0 mL/min. Aqueous samplés wére collected .a't intervals and the water-soluble
hydrocarbon concentrations analyzed by purge-and-trap GC as a function of the
water-to-oil volume ratio Qp. The cumulative eluted water was measured by weighing,
Two experinfiental runs were undertaken for each oil and were discén'ﬁnued‘ when the
water-to-oil volume ratio reached 4100 and 10000. A schematic diagram of the generator
column system is shown in Figure 4.4.
The residual oils from the generator column experiments were 'éxtracted frdm the
column with n-pentane and subjected to open column chrﬁmatography to determine the

identity and amount of hydroca:bons remaining in the oil.

4.2.3 Long-term Weathering of Heavy Oils
To observe the long-term weathering of heavy crude oils on the water surface,

a 5-L cylindrical container (300 mm 1.D.) was filled with a known volume of distilléd



pump

water .—
reservior

Flgure 4 4 Schematlc dlagram of the generator column method for

dissotution.

sampie
/collector

Chromosorb W
coated with crude oil

___———generator column
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or salt water (3.0 wt% NaCl) on which approximately 1.5% by volume of oil was poured‘

to form a thin slick (Figure 4.5). The water was continuously :tgitated with a magnetic
stirrer to prevent the oil from adhering to the sides, and some of the water was replaced
weekly. The apparatus was set up in the fumehood for a period of two to twelve
months. Thus the oil was squected to evaporation, and dissolution sintultaneously. The
changing physical characteristics of the oils were observed, and gas chromatographic
analyses were petformed on oil samples taken from the water surface, and eventually

from denser-than-water oil globules in the water column,

4.3 Analysis
4.3.1 Gas Chromatography

Fresh and weathered oils, and their various fractions obtained from open column
chromatographic separation were analyzed by gas chromatography. The instrument used
was a Hewlett-Packard GC model 5700A equipped with a flame-ionization detector. The
column was a 0.75 mm ID x 30 m long glass capillary column coated with SPB-5
supplied by Supeice Canada, Ltd. The operating conditions were as follows: the initial
oven temperature was 50°C for 8 minutes with a temperature programmed rate of
5°C/min, and a final oven temperature of 220°C for 30 minutes. The injection sample
volume was 0.5 pL with 'r_t split ratio of 50:1. The peak areas were recorded by a

Shimadzu Chromatopac C-R1A integrator using the area normalization method.



~———————— 300 mm —-DI

heavy crude oil

double-distilled water

or salt water

—— stirrer bar

T —— mag'ne'tic stirrer

F_igﬁre 4.5 Apparatus for the long-term weathering of heavy crude oils.
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4.3.2 Open Column Chromatography
The ‘hydrocarbons in crude oils were separated into chemical class by open
column chromatography; The fractions obtained by this method are saturates, aromatics,
and polar compounds. This analysis facilitates the identification and quantification of the
hydrocarbons in the oil. | | | |
The pentane-insoluble .asphaltenes were precipitated from the oil by the addition
of n-ﬁentane (Caledon Laﬁoratories), filtered out and weighed. The de-asphaltened oil
was separated into the three fractions using the procedure descﬁbed by Cook and

‘Westlake. (1976). A column was packed with a 1:1 mass ratio of silica to alumina gel.

The silica (28-200 mesh) and alumina gel (typé F-20_, 80-200 mesh) were obtained from
Sigmé. Chemical Co. The order of elution was saturates with n-pentane, aromatics with. .

toluene, and then soluble polar compounds with 1:1 mixture of toluene and methanol.

The fractions collected were conce_n_tiaied by distillation. .Subsequent analysis of each

- fraction by capillary GC yielded information on its composition and amount.

~ 4.3.3 Purge-and-Trap Gas Chromatography

A Hewlett-Packard model 5840A GC with a ﬂame—ionization. detector and a
HP—7675A ﬁilrgé-'axlld-tr'ap. ‘Selu'nplér "Qere used to analyze, and thus quantify the
hydrocarbon concentrations in aqueous samples. The column was a 0.53 mm ID x 30
m long megabore fused silica capill'ary.column coated with DB-1 (J&W Scientific, Inc.).
The oven temperature was set at 50°C for 10 minutes, and then progrgmméd to increase
at a rate of 5°C/min to a maxirﬁuni temperature of 200°C which was maintained for 20

minutes. The detector temperature was at 300°C. The sample volume used was between

1z
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2 and 8 mL, and the peak areas were integrated by a HP-5840A GC terminal.

The purge-and-trap ﬁichnique was used to determine the aqueous sdlubility of the
crude oils. Saturated aqueous oil solutions were prepared by adding oil to water in a
separatory funnel with a volume ratio exceeding 1:40. The funnel was shaken gently
with a Burrell 'Wr'iSt' éctiﬁn shaker for 24 hours and the mixture was allowed to settle for

48 hours before analysis.

4.3.4 Liquid Chmmétography | 3
The HPLC system consisted of a Waters Scientific modet 510EF solvent delivery
system, an USK injector with a 2-mL sarple 160p, 4 6-part backflishi valvé, and a model
401 differential refractometer. HPLC-grade n-pentane supplied by Caledon Laboratories
was the mobile phase. The ¢olumn was a semi-preparative 2.5 cm I.D. x 30 cm long
stainless steel column .pack‘ed with dry NH, Bondapak. The peak areas were recorded
. with a HP-33'90. integrator. Samples of 100 uL were”inj_ect_ed into the system and the |
* fractions eluted with a flowrate of 18.0 mL/min. For elution of polar compounds, the
flow through the column was reversed by backflush. The cBl'Iectéd"”ftiéﬁd'ns were

concentrated by micro-distillation.
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5.0 RESULTS
5.1 Nature and Accuracy of Analytical Results

Evaporated samples of the synthetic oﬂ were analyzed by gas chromatography in
order to obtain information on the c‘ha_nging.composition of the mixture. Detector
reSponse factors of the hydrocarbons relative to n-hexadecane are given in Table 5.1.
Table 5.2 is a compilation of composition data for the syhthetic oil up to an evaporative
exposure Qg of 120000. It shows_ that the masses of higher molecular weight
hydrocarbons which are slow to evaporate fluctuate because the detector sensitivity varies
for these compounds, caused by bleeding of the gas chromatograph column. For
example, pyrene has a mass 1.5 grams in the original synthetic oil It should maintain
this mass even as the oil weathers because pyrene has a low vapour.pressure of 6.0x107
kPa. However, the mass deviates from the value about +43%.

Scmi-pl_'eparative open column liquid chromatography was the technique used to
separate the crude oils into fractions of saturates, aromatics and polar compounds. Gas
‘chrorn'atogra‘phic analysis on the resulting fractions yielded Quantitative information on
~ the compounds existing in the fractions. Table 5.3 is the composition data of evaporated
California Crude API 15 oil by open column chromatography.

Purge-and-trap gas chromatography was used to analyze the changing
concentration of the water-soluble hydrocarbons when known volumes of water are
passed through the oil. It was used in aqueous solubility determinations of the original

and weathered crude oils. The detector limit of the system is approximately 0.01 g/mL.



Table 5.1 Detector response 'o'f‘ HP5700A gas chromato_graph

~ Response factor relative to n-hexadecane

Compound Mean Standard deviation
 cyclohexane - 0.9388  £0.02363
ﬁxethylcycloliexane ” 09203 1002222
toluene 0.9939 +0.02388
n-octane 0.9063 +0.02001
p-xylene 0.9518 +0.01906
n-propylbenzene | 0.9666 | i0.01747
ndecane 0.9206 +0.01566
p-cresol 0.7389 +0.01523
benzofbithiophens 0.7444 - £0.01207
qinoline 0.8556 +0.01145
tridecane 0.9847 +0.01441
1-methylnaphthalene 1.0344 +0.01478
tetradecane 0.9880 +0.01350
acenaphthene 1.0824 +0.05283
 hexadecane 1.0000
pristane 11.0032 +0.02886
octadecane 0.9727 +0.03891
phenanthrene 0.7887 i0.05_497
eicosane 0.7764 ~ £0.03702
~ pyrene $0.0650

0.3843
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Table 5.3 Hydrocarbon analysis of California Crude API 15 oil by opén column
chromatography

Evaporative  Mass fraction
exposure _ evaporated o
Qe Fu Saturates Aromatics Polars Asphaitenes - Total

o 0 483 218 510 - 248 100.00
4170 1.68 19.2 24 58 310 - 9832
£330 219 192 23  4.60 31.7 97.81
25000 6.29 146 401  S7T 332 93.71
100000 10.4 183 35.5 6.87 289  89.60
125000  10.96 169 365 812 2755 1 89.04
400000 128 157 357 . 455 31.3 §7.20
600000 1414 124 416 687 251  85.86
800000 14.98 17.3 BT 652 332 - 85.02

5.2 Evaporation

The synthetic oil is a mixture of twenty hydrocarbons of which 69% by mass are
éamrates, 28% aromatics and 3% polar compounds. The synthetic mixture was subjected
. to evaporation using the gas stripping apparatus up to a Q, of 120000. Figure 5.1 isa
éeﬁes of gas chromatograms which shows the progressive loss of the volatile compounds.
. After exposure to Qg of 12000b, cyclohexane, methyléyclohexane, toluene, n-octane,
p-xylene, and n-pfbpyllbe.nze-ne have been substantially depleted from the hydrocarbon
mixture because of their high vapour pi"essures. This resulted in the loss of about 40%
by volume of the oil, and an iqcrmse of density from 804 kg/m3 to 846 kg/m_’_’ as shown
in Figure 5.2. | | |

A gas chromatogram' of fresh EPS oil is depicted in Figure 5.3. It has an

abundance of low boiling, volatile hydrocarbons, and of highly water-soluble compounds

]
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Figure 5.3 Gas chromatograms of fresh EPS oil and its saturate and aromatic fractions.
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such as benzene., toluene, ethylbenzene, xylenes, and naphthalene. The saturates and
aromatics were separated from the oil by asphaltene precipitation and open column
chromatography.

EPS oil was chosen as the crude oil on which preliminary experiments were
ﬁerformed because it is easily handled, and its changing properties and eomposition can
be clearly observed. This oil was subjected to evaporation using the gas stripping
apparatus. Figure 5. 4 shows the sample chromatogmms of the saturate and aromatic
fractions for an evaporative exposure Qg of 8060. The extent of weathering was 24 %
by volume of oil evaporated, and its density increased from 836 kg/m’ to 883 kg/m?
(Figure 5.5). Comparison between the gas chromatograms of the fresh and weathered
saturate fractions revealed the loss of the Volatile compounds from C; up to C,, whereas
there was little difference between the fresh and weathered aromatic fractions.

The rotaﬁng rhesh disk apparatus was found to be most satisfactory for viscous
and dense crude oils such as California Crude API 15 oil because they can be coated on
mesh disks before exposing them to evaporanon The effective au'-to-ml volume ratio
of this evaperation system was determined to be 100000 £ 5000 per day.

Figufe 5.61is a gas chromatogrem of a fresh heavy crude oil, California Crude
API 15 oil. 1t has a high asphaltene content of about 25 wt% 'whieh accounts for its high
viscosity. Its saturate and aromatic fractions reveal that this oil contains large amounts
- of highly volatile and watef-soluble eompounds. A series of gas chrematograms shoﬁvn '
in Figures 5.7 and 5.8 illustrate in qualitative terms the progressive evaporation of the
saturate and aromatic fractions of California Crude API 15 oil with the rotating mesﬁ

disk apparatus over a Qg of 2880000. It can be observed that much of the volatile
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Figure 5.6 Gas chmmatograms of fresh California Cmde API 15 oil and its saturate and
aromatic fractions.
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Figure 5.7 Gas chromatograms showing the progressive evaporation of the saturate
fraction of California Crude API 15 oil.
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hydrocarbons from Cs to C,, have been lost. The density increased from 968 kg/m® tom

1015 kg/m’ (Figure 5.9). |
The gas chro:hatograms of the original California Crude API 11 oil, Bunker C
Fuel oil and Cold Lake Bitumen and their saturate and aromatic fractions are not

discussed in detail here, but for completeness are given in Appendix C.

5.3 Dissolution
For exposure to dissolution, the syﬁthetic éil was contacted with water in a
generator column. Figure 5.10 give# the gas chromatograms of the synthetic oil eprsed
to a dissolution exposure Qp, of 4100 and 10000. The chromatograms show the depletion
of the polar compo'undé, p-cresol, benzo[b]thiophene and quinoline which have
solubilities greater than 1000 g/m®. The next most water-soluble hjdrocarbons are the
.aromatics: toluene, p-xylene and n—propyibenzene, which are shown to be removed by
di#solution at a Qp of 10000. Figure 5.11 illustrates the trend of the syntheﬁc oil’s
solubility versus water-to-oil volume ratio Q,,;. The soihbility of the synthetic oil
decreased from 119 mg/L to about 2.4 mg/L as a result of the loss of the very soluble
polar and aromatic compounds. |
Fresh EPS oil also was contacted with water in a generator ¢column. The gas
chromatograms of the saturates and aromatics for Q, of 10000 are shown in Figure 5.12.
. Comparison Between the fresh and weathered aromgﬁc fractions shows that the
water-soluble aromatics were depleted, but thefe was little composition change in the
saturate fraction. Analysis by the purée—and—trap techriique revealed that the aqueous

solubility of the oil decreased from 34.5 mg/L to 1.0 mg/L. The water-soluble fractions
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(WSFs) of the fresh and weathered oil are given in Figure 5.13 which shows that most

‘of the volatile, water-soluble hydrocarbons such as benzene, toluene, ethylbenzene, and
0-, p- and m-xylenes were depleted by dissolution. Figure 5.14 gives the trend of the
solubility of EPS oil versus the water to oil volume ratio Qp. The solubility decreased

with the depletion of the water-soluble aromatics.

5.4 Long-term Weathering of Heavy Crude Oils

Cahforma Crude API 15 011 was subjected to evaporation and dissolution on a
water surface in long term weathermg expenments Spreading of the California Crude
API 15 oil shck in distilled water occurred w1th1n several hours In salt water, it spread
toa Iesser extent The formatlon of a v1slble skm or crust was observed after two
| weeks Tmy air bubbles gradua.lly appwed on the oxl surface in both SItuauons After
three months a 30-mm diameter oit droplet formed below the water surface and detached
from the original mass in the distilled water experiment. This oil globule proved to be
denser than the water because it sank into the water column, Furthes submergence of
oil mass was oBserved in the next two months. |

in the fifth month, an oil sample from the water surface was taken for gas
chromatogsaphic analysis. In addition, the first oil droplet was retrieved and frozen in
the effoﬁ to obtain semples of fhe 1ts skin/crust and interior for analysis. It proved
difficult to obtain a cru.st sampie because it was very thin, certainly less than 1 mm thick.
Figure 5. 15 illustrates the five-month weathering of the oil on the water surface and in
the water column The sunken oxl was less weathered than the exposed oil on the water

surface; the latter was depleted of all hydrocarbons up to C,. Therefore, once
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Figure 5.15 The long-term weathering of California Crude APT 15 oil. .
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- submerged the oil was subjected to only dissolution which only causes a slight change
in composition..

An oil sample taken in thé twelfth month showed a very thin layer of oil which
was light brown on the underside. This may be a result of degradation by bacteria
: pre#e‘nt in the water colum'n-. Gas éﬁiothatogfépﬁic"'ahélyﬁé"' shows that the oil layer
consisted of only very high molecular weight compounds such as asphaltenes. Microbial
degradation which is an important process in the latter stages of weathering may have
occurred since no effort had been made to maintain sterile conditions. The water column
became cloudy after five months. -

In the course of the e'xperiments; there was no formation of water-in-oil emulsions

~ or "tar balls”,



74
6.0 DISCUSSION
6.1 Contributions and Constraints of Analytical Methods
| The ability to understand and model the fate of oils is constrained by the
- performance of available analytical methods. It is theréfore appropriéte to discuss first
these methods, especially their limitatipns. The synthetic oil which is the easiest to
analyze was a mixture of twenty hydrocarbons which contained 69% saturates, 28%
aromatics, and 3% polar compounds by mass. It had no asi:ha.ltenic content. The
compbsition of this oil can be analyzed with a nonpolar capillary column gas
chromatograph without prior prepa:ativq.' sepamﬁon of the mixture. The GC détector
response faétors of the hydrocarbons relative to hexadecane are given in Table 5.1. It
was assumed that hexadecane did not evaporate in order to calculate the percentage of
an individual hydroéa:bon remaining after exposure to weathering processes. Reliable
data can be obtained for a simple synthetic oil of this type which consists of known
| hydroéaxbons having well-established physical and chemical properties.
A crude oil consists of thousands of compounds, most of which have not been
 identified, and therefore, their pmmﬁes are unknown. There are currently no analytical
methods which give a complete desbription of the composition of crude oils.” It is
necessary to group the compounds in the oil into pseudocomponents which are defined
by a set of criteria. The selection of the pseudocomponents is controlled by the available
analytical methods. The ahalytical approach was to subject the oil to a semi-preparative
separation, for example, column chromatographic 6r HPLC class group-type separation, |
prior to instrumental analyses by gas chromatography.

EPS standard oil was subjected to open column liquid chromatography to separate
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the 011 into fractions of saturate, aromatic, and polar compounds The bulk oil, and the

saturate and aromatic fractlons were analyzed by GC. The compounds in each fraction
were grouped into pseudocomponents according to their retention times relative to those
of the normal alkanes. Since the identities of many of the hydrocarbons are unknown,
it is not possibie to determine the GC detector response factors for all the compounds.
It was, _therefore, assumed that the response factor for all compounds in the crude oils
is unity for ealculaﬁng the amount remaining of each pseudocompon_ent. This may
introduce an error in.the mass by a factor of 2.5 for high molecular weight hydrocarbons
such as pyrene. N |
B .Tables 6.1 and 62 give the matrices for the initial composition on a mass basis

of EPS standard oil, and .for the experimental composition after anevaporative exposure
of 8060, respectively using the "hydrocarbon class" approach. There is clearly depletton
of the volattle normal and branched alkanes and aromattcs by evaporatton However, _
'lthe composruon data for Cahfomla Cmde API 15 011 whtch tabulated in Table 5.3
shows some mconsuttenctes The asphaltemc mass of the oil sh'ould remain constant as
'the oxl is weathered by evaporatton because asphaltenes are very nonvolatile. However,

the asphaltemc content for the same crude oil vaned between samples. The aromatic

. fracuon showed increases in mass as the 011 was weathered The error is believed to be

expenmental in nature, and 1t is suspected that it. occurred dunng the open column
chmmatographtc separation and micro-distillation steps in whtch the volatile saturates
‘were lost by evapor_atton. The gas chromatograms of the bulk 011, and the saturate and
aromatic fractions are shown in Figure 5.3. Comparison between .the bulk oil and the

fractions shows that some of the volatile compounds in the saturate fraction have been |



Table 6 1 Matrix for initial mass per 100 g of EPS oil or percent usmg
the "Hydrocarbon class" approach

: ‘elution normal branched

group alkanes alkanes aromatlcs polars total
C, 0.437 0.000 0.000 0.000 0.437
¢ | 1 1.671 0.000 0.000 2.847
C, 1.856 2.915 0.000 0.000 a7
c, 2.011 4.110 0.427 0.000 6.548
Cuo 2.692 . 5.354 0.832 | 0.000 8.878
Cu 2.614 3.887 1.488 0.000 7.989
" Cp 2.400 2.721 1:324 0.360 6.805
Cos 2.332 3.925 0.809 |  0.360 7.426
Cu 2545 | 2963 1.553 0360 | 7421
Cs | 3.003 4.498 2.287 0.360 10.148
Cie 2.118 2.429 2407 .| 0360 7314
Cyy 1.798 4.877 2341 | 0360 9.376
Cus 1516 | 4013 2.680 0.360 8.569
Co 1.244 1.729 1783 | 0.360 5.116
Co 1.002 0000 | 0.669 0.360 2.031
Ca 0.846 0.818 2.300 0.360 4.324
total | 29.590 45.910 20.900 3.600 100.000




Table 6 2 Matrix for the expenmenml composmon of EPS oil exposed
to Qg of 8060 using the "Hydrocm'bon class” approach

elution normal branched

group alkanes alkanes aromatics polars total
C, 0.000 0.000 0.000 0.000 0.000
C, 0.000 0.000 0.000 0.000 0.000
Cs 0.090 0.000 0.000 0.000 0.090
c, 0.842 0.373 0.000 | 0.000 1.215
Ceo 1.783 2029 0.123 0.000 4.835
Cy 2264 | 3.297 0.665 0.000 6.226
Cw 2.348 2.633 0.833 0350 | 6164
Cy 2.415 4190 | 0466 0.350 7.421
Cu 2.597 3.422 0.931 0.350 7.300
Cis 2.996 3487 | 1614 .| 0350 8.447
Cs 2.118 285 | 1710 | 0.350 7.034
Cor L.735 +676 1.773 0.350 8.534
Cus 1.626 4821 1903 | 0350 8.700
Co 1.188 2.892 .08 | 0350 5.488
Co 0.941 0161 | 0346 0.350 1.798
Cn 1.443 0.577 2.020 0.350 4.390
toal | 24.386 36.314 13.442 3.500 77.642
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evaporated during the liquid chromatographic separation. This loss influences the
‘relative propor_tion gf mesaturates _and arpmatics, ax}d thus the masses of saturates and
- aromatics in the oil. This placés doubt oﬁ the accuracy .of thé or_iginal oil’s composition.
Therefore, the ability to model oil fate is controlled by the capability of the analytical
techniques to yield accurate compdsition infonnation about the oil.

Open column chromatography and gas chromamgraphylseem satisfactory, but high |
accuracy is not expected, because of _the_ loss. of volatiles by evaporation during the
separation and analyses of the crude oils. Therefore, the. most accufate results are
obtained for 01Is which are so weathered that there are few volatile hydrocarbons
remaining. The analytical scheme used here is believed to be the best that is currently
‘available. It provides sufﬁci;nt information about the oil composition to use the matrix

methods.

6.2 Evaporation
| Evaporatlon is an 1mportant wmthenng process from the viewpoint of the mass
lost by the bulk oil. The compounds preferent:ally removed are the volaule, low
molecnlar weight hydrocarbons.
Two; ex_perimeﬁta_l methods were used for evapofation. The first technique was
. gas stripping. It was fouﬁd to be bgst for the evaporation of éils which contain a
significant ainbunt of low béiling, volatiie comppuﬁds_(Cs to C,s hjdrocarbon;), and only
| a Small 'quantity of asphaltenes that givé some crude cﬁls their ﬁigh viscosity. If the
crude oil is too viscous, there is a higﬁ resistance to the flow of air through the oil. Gas

stripping is a useful method to obtain an evaporative exposure Q; of about 50000 in a
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reasonable time which corresponds to a rate of 5000 per day. The maximum: flowrate
of air possible is about 1.0 L/min. quurd entrainment will occur at higher flowrates.
This system can be modified to allow for the. collecting of the stripped ‘hydrocarbons
| durmg the evaporation run by usmg traps whlch are cooled with liquid mtrogen The
'efﬁcrency which can be aclueved w1th two nitrogen traps is approxxmately 90%. In this
case, the maximum possible air flowrate is between 450 and 500 r_nL/mm before the trap
efficiency decreases.

The gas stnppmg method allows for the direct measurement of the total air
volume which passed through a known mass and volume of oil. From the measurements‘
of the mass and volume of the oil, the density, the air-to-oil volume ratio (Qy) and the
extent of weathering (the volume and mass fractlon evaporated, F, and F,,) can be
calculated for the weathered oils. Moreover, samples of weathered oil can be taken

penodlcally for analyses at different Qg values

| However, the gas stnppmg apparatus is not sausfactory for dense and viscous
crude oils such as Cahfomla Crude API 15 ozl 'I'herefore an altematlve method of
evaporatron is preferable, namely the rotatmg mesh dISk apparatus Tlus method can
‘achieve high Qg values within days because of the high air flowrate and small volume
of oil used. Qg less than SOOO cannot be measured accurately because it is within the
error margin. The evaporative exposure rate is about 100000 + 5000 per day which
shows that the rotating mesh disk method is about 20 times faster than gas stripping.

To take samples of weathered oil for analyses, tne\‘o'il must be extracted from the
polyester mesh medium with n-pentane. Therefore, for a fixed number of samples to be

taken, it is necessary to prepare an equal or greater number of mesh disk-oil samples for
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the evaporation experiment. Clearly, reliable dara on the exten_t‘-of oil evaporation can
be obtained }but the results are specific to each oi‘l. and oannot be genoralized

To further accelemte the evaporanon process, thm-ﬁlm tray evaporatron can be
used as descnbed by Stlver and Mackay (1984) The rate of exposure which was
mched_by tray evaporatlon was a Qg of 340 per mmute or about 500000 per day. This
technique is about 100 times faster than gas .stripp_in.g, and 5 times tho rotating mesh disk

The gas stripping rnethod is sarisfactory for nonviscous orurie oils, and for
.obtaining a Qg to 50000 in a rms'onabl.e_‘ time. “I-foy.rover, if the crude oil is highly
viscous, and a Qg greater than 50000 is desired, it is oroferable to use the rotating mesh

disk method.

6.3 Dissolution

When_‘ crude oi}s are _subjeoted to dissolutiorn, the fraction which is dissolved is |

~ negligible from the viewpoint of bulk behaviour. Hovrover, it is not negligible when
groundwater contamination or toxxcrty to aquatic and marine organisms is considered.
The portion of 011 whlch dxssolved in water is still susceptible to evaporatron because it
is not only waner-soluble,_ but it is also likely to be volatlle. ‘Therefore, the dissolved
hydrocarbons are removed eventually from solution. |
Thc expenmental method for the dxssolunon of crude Olls consxsted of known
volumes of water being pumped through orl which has been plated onto a sohd support
(1 e. Chromosorb) The generator column method has been revrewed and drscussed for

pure compounds (Billington et al., 1988) and complex systems such as crude oils (Shiu

{3E
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et al., 1988) Aqueous samples were collected at mtervals, and the dissolved
hydrocarbon concentrattons determtned by purge-and—trap gas chromatography as a
function of the water-to-orl volume ratio, Q,. The dissolution rate is a Q,, of about 2100
per day. |
The generator column methoc"l proved satisfactory for measuring the decreasing
concentration of dissolved hydr'ocarbons‘ when the oil 1s exposed to tncreasing volumes
of water. However, it is difﬁcult to measure the changing composition of the oil.
Unhke, the evaporation techniques which enable the sampling of weathered oil for
composition analyses without too much dlsrupuon to the system the generator column
run has to be discontinued at the dlssolutlon exposure rate desrred and the residual oil
m the column has to be extracted w1th solvent before 1t can be subJected to analyses to
determme its composmon | | |
It can be observed that' the dissolution process causes a large decrease in the
_ solubxhty of 011 For example, dissolution reduced the solublhty of the synthetrc oil from
119 mg/L to 2.4 mg/L in freshwater after an exposure Qo of 10000
The experimental data for the synthetic oil exposed to Qp of 4100 and 10000 are
given in Table 6.6. The total amount of oil lost after each Qp appears to be 100 high for
only dissolution to have occurred. Loss of the hydrocarbons occurred by evaporation
~during the extraction from the generator column and open columrt chromatographic
separation of the oil. This resulted in an unknown exposure to evaporation. Therefore,
care must be taken when interpreting which fraction of the oil was lost by evaporation
orldissolution.

~The generator column method is useful for determining the change in solubiiity
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of the oil as it is exposed to increasing volumes of water It is not effective for obtaining
oil samples weathered only by dlSSOlI.lthl‘l because they also become subject to

evaporanon

6.4 Modelling

The ﬁrst two objectives of the modelling effort were accolhplished. Laboratory
experiments in v\}hich known amounts of oil are subjected to controlled conditions of
evaporation -and dissolution .have been conducted. Using .the snalytical methods discussed

earlier, the composition of the original and weathered oils can be characterized in a

matrix in which the TOWS are of common Volatility or GC retention time, and the columns

of solublhty or chemlcal classes The amount remammg of each matrix element or

pseudocomponent after exposure can be approximated by the transport equanon

M~M_e (-HgQs-8pQp) [3.13]

and the new matrix amounts can be calculated and the composition of the bulk oil
_ deduced. The final task is to ihvestigate different matrix definitions, that is, different
approaches of grouping chermcals into pseudocomponents thh the aim of determining

-~ the appropnate one from analytical and modelling v1ewpomts and the optimal number

- of eiements.' The model resuits must be validated with laboratory and field data before

the model can be used for making routine predictions of an oil’s changing composition
and properties after exposure in the marine environment.

The first matrix method is the " hydrocarbon class” approach which categorizes
the oil composition into a two-dimensional matrix in which the rows are of common

- volatility (elution groups), and the columns of chemical classes. The calculated data for

{BE
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each evaporative éxposure Q: were generated usifxg the above transport equatlon and the
simple linear correlations for the physical and chemical'propert_ies as given by Eastcott
et al. (1990). The physical and chemical properties of each p;gudocomponent were
_estirﬁated from properties of compounds which are known to _Belong. in the saine groﬁp.
The accuracy of the .aséigned values for each pseudocompoﬁént deﬁénds upon whether
thek.nown compounds are representative of the unidentjﬁed ones in .the same group
which, in turn, affects the ability of the model to predict oil behaviour aécurately.

The mathematical model requires as input datg the mass percent ;:)f the compounds
in the parent or original oil, and the vaiues of the exposure.parame'ters Qg and Q,, that
is, the ratio of the volume of air or water to the initial volume of oil, respectively. The
matrix methods are tested for vali'dity.-by measuring the changes in composition of the

synthetic oil when exposed to isolated evaporation and dissolution.

Evaporation
If only evaporation is considered, then the dissolution exposure Q, is equai to
zero The results from the evaporation experiments 61’ .the synthetic oil mixture were
~ compared witﬁ the data generated using the "hydrocarbon class” approach. The fit of
- the experimental composition for an evaporative exposure of about 500 is close to the
- values calculated by the model. ‘The model underestimates the absolute density (i.¢. both
the initial and final densities) of the synthetic oil. However, the density éhanges
calculgted were comparable to those bf ihe ekperimentél values at low Qg. At higher QP_,
the values generated by the model are higher than the amount of hydrocarbons remainihg '

in the synthetic hydrocarbon mixture after exposure to evaporation. It is possible to
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estimate a fitted Q; which will generate comparable composition from the model with the |

experimental data. A correction factor for evaporation, f;, was introduced which is the

" ratio of the fitted Qg to the experimental Qg. This correction factor is applied to equation

3.13 for calculating the mass remairiing of each pseudocomponent to account for any
deviation from ideality (which was assumed initially), and to include experimental errors.

This results in the following equation

Mi-Mi,e('H""Q"H"-‘Q“) 6.1

The correction factor for evaporation fz was determined to be 1.38 with a standard
_. deviation of +0.16. The implication is that evaporaﬁon appears to proceed about 38%
faster than is estimated _theém_tically. The primary reason is believed to be the magnitude
of the activity coefficients of the hydrocarbons in the oil. Table 6.3 gives the
experimental composition of the original and w&athered synthetic oil. It includes the
composition calculated by the "hydrocarboh class” appl_'oach with the evaporation
correction factor of 1.38 incorporated into the transport equaﬁon 3.13. The compositions
in the Qg range between 200 and 110160 were tested. The "hydrocarbon class” approach
proved to yield composition data for the synthetic oil which are comparable with the
-experimental results. Therefore, the model can be applied with more confidence to
heavy crude oils such as California Crude API 15 oil. Some expérimental and rﬁodel
resuits for this h&iry crude oil are tabulated in Tables 6.4 and 6.5. The compositions
at the evaporative exposures of 100000 and 600000 were examined. In these tables, .the

- _total masses of oil remaining calculated by the "hydrocarbon class” approach are less

- .- than the experimental values by approximately 15 to 20%. To explain the discrepancy,

&
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Table 6.4 Comparison of experimental composition data and model results from the
"Hydrocarbon class” approach at an evaporation of Qz=100000 for California Crude API 15 oil
Note: masses are in grams (g).

normal branched
|  alkanes alkanes aromatics |  polars total
?gl:ou:; expt’l | cale’d |expt’] | calc’d | exptl [ calc’d |expt | cale’d | expt’l | calc’d

¢, | 0.000 | 0.000 |0.000 | 0.000 | 0.000 | 0.000 [0.000] 0.000 | 0.000 | 0.000
c, |o.000 | 0.000 |0.000 | 0.000 | 0.000 | 0.000 {0.000{ 0.000 | 0.000 | 0.000
¢, | 0.000 | 0.000 |0.000 | 0.000 | 0.000 | 0.000 |0.000| 0.000 | 0.000 | 0.000
c, |0.000 | 0.003 {0.000 |0.000 | 0.000 | 0.000 [0.000{ 0.000 | 0.000 | 0.003
Co | 0.000 | 0.182 |0.000 | 0.118 | 0.000 | 0.000 {0.000] 0.000 | 0.000 | 0.300
C. |0.000 |0.611 |0.000|1.157 | 0.000 | 0.000 |0.000] 0.000 | 0.000 | 1.768
C. |0.094 [ 03843 [0.079|0.915 | 0.000 | 0.000 0.687] 0.356 | 0.860 | 2.114
C, | 0262 |0.874 |0.222|3.880 | 0.000 | 0.538 l0.687] 0.448 | 1.171 | 5.740
Cu | 0.449 | 1.274 |0.908 | 1.869 | 1.070 | 1.59 |0.687] 0.486 | 3.114 | 5.225
Cs | 0463 | 0.89 |1.044|0.977 | 2.408 | 2.276 |0.687| 0.501 | 4.602 | 4.650
C | 0516 | 1282 {3.162|3.152 | 7.600 | 7.201 |0.687| 0.507 | 12.085 | 12.142
Co 10383 | 0.600 |3.018 | 1266 | 7.114 | 3.016 [0.687| 0.509 | 11202 | 5301
C. | 0.442 | 0.500 |3.116 | 2.665 | 6.562 | 4.687 [0.687] 0.510 | 10.807 | 8.362
Cy |0340 | 0325 |2.506 | 1.040 | 6.348 | 1.814 |0.687{ 0.510 | 9.881 | 3.689
o 10206 | 0.298 | 0.980 | 0.000 | 3.989 | 0.000 0.687] 0.510 | 5362 | 0.808

C, | 0.107 | 0.012 | 0.000 | 0.000 |29.219 |25.214 {0.687 10.510 | 30.013 | 25.736

total | 3.262 | 7.700 | 15.03 | 17.03 {64.400146.342 1 6.87 | 4.847 | 89.567 { 75.928

37



Table 6.5 Comparison of experimentai composition data and model resuits from the
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"Hydrocarbon class” approach at an evaporation of Qz=600000 for California Crude API 15 oi
Note: masses are in grams (g).

normal branched
alkanes alkanes aromatics polars total
ﬂ; expt’l calc’d. expt’l calf:’d expt’l { calc’d | expt’l | calc’d | expt’l | cale’d
C, [0.000/0.000| 0.000 |0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
C, |0.000{0.000| 0.000 |0.000 |0.000 | 0.000 |0.000 | 0.000 | 0.000 | 0.000
C, [0.000{0.000 | 0.000 |0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
¢, |0.000]0.000] 0.000 [0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 0.000
Co |0.000{0.000{ 0.000 |0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
t,,.  |0.000 | 0.042 | 0.000 {0.002 | 0.000 [ 0.000 | 0.000 0.000 | 0.000 | 0.044
C. [0.000{0.378| 0.000 |0.103 | 0.000 | 0.000 | 0.687 | 0.059 [ 0.687 | 0.540
Co [0.000{0.688 | 0.000 | 1.882 | 0.000 | 0.273 | 0.687 | 0.233 | 0.687 | 3.076
C [0.000]1.171] 0.000 | 1.472 | 0.000 | 1249 { 0.687 | 0384 | 0.687 | 4.276
| c,; 0.221(0.878 0.147 | 0.903 | 0.000 | 2.083 | 0.687 | 0.460 | 1.055 | 4.324
Ci [0.355]|1.275| 1.618 {3.072 | 5.173 { 6.975 | 0.687 | 0.491 | 7.833 | 11.813
Co [0.5690.599| 3.595 | 1.255 | 9.141 | 2.982 | 0.687 | 0.503 | 13.992 | 5.330
C. |0.441]0.500 | 2.384 |2.657 [10.300 | 4.668 | 0.687 | 0.508 | 13.812 | 8.333
Co [0297(0325] 2.424 | 1.039 | 7.619 | 1.812 | 0.687 | 0.509 | 11.027 | 3.685
Co [1.182[0.298| 0.166 | 0.000 | 3.034 | 0.000 | 0.687 | 0.509 | 10.069 | 0.807
cn 0.000 |0.012 | 0.000 |0.000 |26.432 [25.209 | 0.687 | 0.510 | 27.119 | 25.731
ol |3.065 |6.166 | 10334 12.385 (66.699 | 45.251 | 6.870 | 4.166 | 86.968 | 67.968 |
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| the accuracy of the ongmal oil’s composition should be considered. As mentloned

earlier, the analytlcal approach underestrmates the proportron of hrgh molecular weight
hydrocarbons. Therefore, California Crude API 15 oil may have a lower portion of
~ volatile, low molecular weight hydrocarbons, which are highly susceptible to

evaporation, than its measured composmon ﬂiustrated in Appendrx D.

Dissolution

To.consider the dissolution process in isotation,_ the eyaporative exposure Qg is
assigned a value of zero. The experimental .data and model results using the |
"hydrocarbon class approach are complled in Table 6.6 for the synthetlc oil exposed to
Qp of 4100 and 10000. It.was_ hoped that the drssolu_non process can be isolated
experimentally, and the data used to validate the.model. However, evaporation cannot .
. ‘be eliminated completely, and a little exposure to evaporation causes a significant
decrease in .the mass of the oil. The experimental data appear to correspond to the

calculated results for Qp of 4100 and Qg of 2330, and Q, of 10000 and Q; of 5430,

ThelSecond or “solubility" approach groups the oompounds into rows according
to elution groups as its first matrix dimension. When the composition matrices from the
"hydrocarbon class” and 'soluhility' approacheszt'or the same .oii are compared, the total
- masses of the hydrocarbons in the correspondmg rows are equal The "solubility"
approach presents the oil cornposrtlon w1th an emphasrs on the solubility of the
-compounds in the oil. Thec_ompounds‘ in each elution group are separated further into

- columns according to mean aqueous solubility (g/m’) as the second matrix dimension.
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Table 6.6 Comparison of experimental composition data and model results from the
"Hydrocarbon class” approach at dissolution exposure Q, of 4100 and 10000 for the
synthetic oil. Note: Mass remalmng from initial 100 g of oil (g).

Compound expt’l expt’l calc’d! expt’l calc’d1
~ ¢yclohexane 4.000 0.386 0.410 0.000 0.020
methylcyclohexane ~ 4.000 1.558 1.810 0.357 0.629
toluene 6.000 0.070 0871 | 0.000 0.057
n-octane © 7 8.000 5.798 5130 | 3231 2.838
p-xylene 5.500 0.000 2.104 0.000 0.538
n-propylbenzene 5.100 2748 3.135 0.000 1.568
. ndecane 7000 | 7.095 6.714 5.936 6.350
p-cresol | 1.000 | 0.000 0.412 0.000 0.115
benzolblthiophene  2.000 0.000 1.558 0.000 1.088
= andqumolme _
tridecane 4000 4.007 3.996 4.059 3.990
' L-methyinaphthalene 6.000 4.061 5.793 0.404 5.508
* tetradecane 14,000 13.996 13.995 14.090 13.898
 acenaphthene : 2.000 1.592 1.981 0.834 1.953
hexadecane - 19.900 19.900 19.899 20422 19.899
© pristane 4.000 3.953 4.000 5.805 4.000
octadecane 2.000 2.002 - 2.000 2.382. 2.000
phenanthrene 2000 | 2.160 1.997 2.676 1.993
eicosane 2000 | 2215 2000 2.936 2.000
pytene 1.500 2.374 1.499 1.730 1.499
Qb | 0 4100 4100 10000 10000
Qe 0 0 2330 0 5432
Final mass (g) 100.00 74.01 19.30 64.86 69.94

Lmass calculated using the "hydrocarbon class® approach with the evaporation factor £,=1.38.
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The present analytical methods used do not separate the bulk oil into fractions of

common solubility directly, but rather into groups of chemical classes. Therefore, an
édditional step was incorporated inl which the " hydrocarbon class” pseudocomponents
have to be rw:ranged to correspond to mean aqueous solublhty based upon the solubility
of the 1nd1v1dual pseudocomponents g1vmg a dlfferent set of pseudocomponents The
actual number of pseudocomponents is higher than that used in the "hydrocarbon class”
approach, but the 'foperable” number is much less. These operable pseudocomponents
are clustered along the main diagonal of the matrix.

N The evaporation correction factor fg dedupqﬁ for the "solubility” approach is 1.32
+0.36. The difference between the correction factors for evaporation in the
"hydrocarbon clgss; and "solubility" approaches may be caused by the difference in the
regression equations for the physical-chemical properties used in each approach. Table
6.7 gives some experimental dat;a and model results using the "soluﬁﬂity" aﬁproach with
the evaporatibn correction factor of 1.32.

The number of pseudocomponents'invol_ved in both matrix methods is r_ﬁanageable
which makes them feasible for predicting the behaviour of oil. However, the
- "hydrocarbon class" approach is a better method of characterizing the composition of
crude oils f.han the ”s;oiubility'; ﬁinmach based upon present anaiytxcal abilities to
separaté the oil into compounds héxv‘ing_ common physical and chemical properties. In‘
the “hydrocarbon class” approach, open column chromatography separates an oil directly
~ into fraction of different che;mical classes, but there are no current analytical methods
which give semi-preparative fractions of common solﬁbility. Therefore, the

pseudocomponents in the "hydrocarbon class” approach have to be grouped into solubility
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classes for use in the "solubility” approach.
From a modelling viewpoint, both the “hydrocarbon class” and "solubility”
approaches giVe composition results which appr_okimate those obtained from the

laboratory experiments. Conceptually, the "solubility” approach is more difficult to

understand. Some of the pseudocomponents in the matrix do not exist in practice, that

'is, there do not exist any compounds which have high volatility as well negligible
-~ solubility in water, or negligible vapour pressure and high water 'solubilitj.

The "HPLC" approach has been described earlier, but no experimental data or
model results were obtained. Therefore, it is not possible to discuss full results, and
de\relop any conclusions abont this modelling approach. The main potential advantage
of the "I-IPLC" approacn is that HPLC is 'a fast and routine analyticai method for
separanng crude oils into class fract:lons when compared to open column chromatography
| used in the "hydrocarbon class" approach Itis recommended that the "HPLC" approach
 be investigated as a possible method for modelling oil behaviou_r. It will be necessary
to perform 'expl_oratorir experiments with known h.ydrocarbons to eln_cidate the different
chemical classes which result from HPLC separation'of crurie oils, and assign physical
' and cﬁemicai properties to the pseudocomponents. | |

In conclusion, the evaporation process can be_Well-characterized. The transport
equation givcs a good approximation of th'e changing composition in crude oils as they
are exposed to evaporation. For the disaoluﬁon process, 'the approximation given by the
transport eq'nation is less certam o | .

The cyntheﬁc oil was valuable in testing and validating the models. Since the

physical and chemical properties and chemical.structure of the hydrocarbons which are

1%
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present in the synthetic oil are known, it is easy to oategorize the hydrocarbons iuto
elution groups, and chemiqal__or_. solubi,li'ty classes. The “hydrooarbon cl_ass" approach
is the preferred matrix method from analytical and modelling viewpoints. |

The matnx method whxch estlmates the changes in mass of the chemicals in an
oil subject to lmown exposure of evaporanon and dlssolutxon has been vahdated The
desired a.tm is now to use the model to predict the effect of the weathenng processes on
bu_lk oil properties such as density, v1scos.1ry, vapou_r pressure_ and aqueous solublllty._
It should be possible to estimate the .c_h__z_mging proper_ties of the bulk oii from the

magnitude of the pseudocomponents and the properties assigned to each of them.

Densities

A concern of heavy crude oils and residual fuels, which have densities exceeding
900 kg/ m?®, is that they_ will iucrease_ in density to the extent that they can become denser
than seaw.ater and subject to sinking. This sinking phenomenon may have a profound
effect on rhe aquadc and marine organisms. Tberemr_e, it is desirable to determine under
. Which conditions the oils may become denser than seawater. Presently, the model
underestimates the abso_lute densities, thar is, the initial and 'ﬁnsl .densit.ies of the bulk oil.
.Forexa.mple, the exoemuental density of fresb Celifornie Crude .API 15 oil was 968
kg/m* compared to 914 kg/m® calculated by the matrix method. In order to have a better
fit between the experimental and model results, the density or molar volum'e of each
| pseudocomponent must be reassigned With a higber or lower vaiue, .respe‘ctively.
Howe\(er,- these changes .wiil alter the composition matrix because the calculation of the

mass remaining of each pseudocomponent depeuds on its properties.
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The discrepancy between the experimental and calculated densities suggests that

at least some of the densities used in the matrix are in error. The correct density to use -

in this context-is that derived from the ‘partial molar voiﬂme (PMV)',"'hOt the pure
component molar volume. There is considerable doubt about the magnitude of these
'PMVs, especially for the solid hydrocarbons. To establish them would require extensive
and acourate data on the densities of mixtures, pfefembly synthetic mixtures. |
It is concluded that at present the matrix method is not well suited for éStimating
oil den.si'tiés,‘ nor probabiy is it hkely 1o be accurate for viscosities. The preferred
method is a simple experimental determination of density aSa "fuﬁk:tibn.of Weathering
) with direct efnpiﬁcal régression of the'. resuits. This Simpiér ailpproaéh is more réliable

and accurate.

6.5 Long-term Weathering of Heavy Crude Oils

When crude oils and .petroléu‘.m products are spilled in the marine en\fironment,
the& are subject to _wdithering processes, they.be'come denser and more viscous, and
some may form water-in-oil emulsions or mousses,- and huiy ultimately fbrm tar balls.
The tar ball# may persist on the sea water sufface,' Become stranded ori sﬁore, oi' sink .and
become incombrated into the bottom sediments. Thereférc, as indicatcc_i earlier, there
is a need to predict the long-term behaviour of oils because they can drift appreciable
distances from the source of the spill. R | | ”

The heavy crude oils were observed for the susceptibility to wafer-in-oil emulsion
and tar ball formation in the relatively simplé laboratory system. The thin slick of heavy

crude oil was exposed simultaneously to evaporation and dissolution on a water surface

E=



in a cylindrical container. Tl
~ laboratory system has many exj
| When the oil was releas

“prevent the oil from colliding -

stirrer was used to keep the oi

_ becguse the oil continued to spr

A side effect of the stirr

The vortex drew the oil slowly !

Near the point of impact betwe:
radlally into the surrouﬁding
unweathered, the oil floated to

For a weathered oil, the oil glot

dense than the water. Ihis phe

| Microbial degrﬁdation af
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water, Under the conditions investigated, a thin crust appears to form on the oil surface
which is Sufﬁciently robust that it prevents diffusion to or from the mass of the oil.

It is concluded that the system devised here is only partly successful and an
improved version should be sought in which there is greater turbulence. Unfortunately,
it is not easy to conceive of such a systefn which will be reliable enough to operate |

unattended for periods of months.



97

“The oil mass spread out towards the sides.

~ The formation of a vortex caused the oil to be drawn into the
~water column. ‘

Oil droplets detached from the bulk mass and were flung radially
into the water column,

Figure 6.1 The fate of California Crude API 15 oil in the long-term weathering system.
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7.0 CONCLUSIONS
* The combination of open column liquid chromatography and gas chromatography is
believed to be the best analytical scheme currently available for hydrocarbons in this
context It prov1des sufﬁclent information for expressing the composition of crude

oils in terms of matrix elements or pseudocomponents

* The gas stripping method is satisfactory for nonviscous crude oils and for obtaining
an evaporative exposure Qg of 50000. For highiy viscous crude oils, and a Q:
greater than 50000, the rotating mesh disk method is preferred.

¢ The gencrator column method is useful in determmmg the change in solublhty of oil
exposed to the dlSSOlI.lthIl process. It is not effective for obtaining oil samples
weathered by_ only dissolution because they become subject to much greater

composition changes as a result of evaporation.

* The evaporatlon process can be well-charactenzed The transport equation glves a
satlsfactory estlmatlon of the changing composmon of crude oﬂs as they are exposed
to evaporation. For the dissolution process, the reliability of the transport equation

is less certain because of the unavoidable presence of some evaporation.

The preferred matrix method by which the hydrocarbon mixture can be classified

- according to its solubility characteristics is the "hydrocarbon class” approach from

analytical and modelling viewpoints.

b
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® The synthetic oil, in which the physical-chemical properties, chemical structure and
“amount of the hydrocarbons are known, is valuable for testing and validating the
rnatrix methods. The use of the synthetic oil makes the theory and functioning of the

model easier to understand before applymg ittoa complex crude oil system

* The matrix method is not, in its present form, suitable for estimating the changes in
oil density and viscosity which arise from long term weathering. Use of a simpler

direct empirical regression of experimental data is recommended.

¢ An experimental system has been devised and tested for exposing oil to the
atmosphere on a moving water surface for penods of months The method is

| - regarded as bemg only partly successful because turbulent sai-surface condttwns are
not well simulated.
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8.0 RECOMMENDATIONS |
o Ttis recommended that the analytlcal scheme and the "hydroca:bon class” approach
be used for obtammg data on the 011’s changmg composmon in the marine
envxronment In understanding the fate of crude 01ls and petroieum products, the

appropnate remedial measures can be taken

e The "HPLC" approach should be investigated asa pessible 'm’ethod for modellixig oil
'behaviour. HPLC is a fast and routine analyucal techmque for separating the oil into
class group-type fractions. . N

o If 1t is desired to apply the matrix method for the estimation of oil density and
'wscosny, these propertles should be measured first for synthetlc oil mixtures to
establish partlal molar volumes, thh subsequent apphc_atlon to the more complex
crude oils. | | '. |

e Itis suggested that further novel methods be sought of exposing oil to evaporation and
dissolution on a water surface, in an attempt to simulate the long term weathering of

~ crude oils.



101
NOMENCLATURE
A 'spill area m?)
C%  water solubility (mol/m?)

fo dissolution correction factor
fe evaporation correction factor
F fugacity ratio
GD saturated water flowrate (m*/h)
G, satyrated air flowrate (m*/h)
H  Henry’s Law constant (Pa-m*/mol)
H,  dimensionless water-oil partition coefficient of component i
H, dimensionless air-oil partition coefficient of component i
} ¢ overall mass transfer coefficient (m/s)
k,  mass transfer coefficient for dissolution (m/h) |
kg mass transfer coefficient for evaporation (m/h)
K,, octanol-water partition coefficient
M,  amount of component i (moles)
M, initial amount of component i (moles)
N elution group number
" pS  vapour pressure (Pa)
Q, dissolution exposure

evaporative exposure

gas constant (8.314 Pa-m*/mol-K)
entropy of fusion (J/mol «K)

time of exposure (s)

system temperature (K)

normal melting point temperature (K)
molar volume (m*/mol)

oil volume (m’°)

initial volume of oil (m®)

mole fraction

] < had
oN N :"-]"'! g?utp
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subscript
D dissolution
E  evaporation
i ith component
L liquid
M melting point
n number of carbon in a normal alkane
o initial condition
§  solid '
* superscript

S saturation
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B.1 Computer program listing for the "Hydrocarbon class" approach and the data file
. for the synthetic oil

10 "MATRIX METHOD-"HYDROCARBON CLASS" APPROACH
20° ‘
30 CLASS =4
" 40 COMP=21!
50 'DIMENSION THE ARRAYS
60 COMPI=6!:COMPF=21!:COMPU=COMPE-COMPI+1
70 DIM P(COMP,CLASS), S(COMP,CLASS), C(COMP,CLASS), Z(COMP+1,CLASS +1),
B(COMP+1,CLASS +1),BB(COMP +1,CLASS + 1), W(COMP,CLASS), _
ZF(COMP+1,CLASS +1), ZW(COMP+1,CLASS +1), HE(COMP+1,CLASS +1)
30 DIM HD(COMP+1,CLASS +1),D(COMP+1,CLASS +1),K(COMP+1,CLASS +1)
,HL(COMP+1,CLASS +1)
,V(COMP+1,CLASS +1), VW(COMP +1,CLASS +1), ZL{COMP +1,CLASS +1)
90 CLS _ : _
100 GOSUB 1800 "READ THE DATA FILE FOR COMPOSITIONS
110 ’
- 120 'CALCULATE PROPERTIES =~
130° ' .
140 R=8.314
150. TC=25!
160 TK=TC+273.1
170 FOR 1=COMPI TO COMPF
180 'W(,1)=1*12.01+2*1.008*(I+1)
190 W(I,2)=W(,1) _
200 W(I,3)=(6 +4*(1-6)/6)*12.01 +(6 +2*(1-6)/6)*1.008
210 W({I,4)=W(,3)-5
220 P(I,1)=R*TK¥10"(4.37-.556*T))
230 P(1,2)=R*TK*(10"(4.24-.509%1))
240 P(1,3)=R*TK*(10*(3.75-.453*))
250 P(L,4)=P(L,3)
260 D(,1)=634!+1*8!
270 D(,2)=D(.1)
280 D(1,3)=581!+I*33!
290 D{,4)=D(,3) )
300 C(I,1)=(10*(2.368-.566*D)
310 C(I,2)=(10"(2.95-.565*D))
320 C(1,3)=(10"(2.794-.287+))
330 C(,4)=C(a,3)*s!
340 NEXT 1
350 VT'=0
360 FOR I=6 TO COMP
370 FOR J=1TO CLASS . _ .
380 VIDND=ZJ)Y/D(J) 'MASS/DENSITY =VOLUME OF EACH COMPONENT IN CLASS
390 VT=VT+V({D
400 NEXTJ
410 NEXT 1
420 DT=ZTT/VT ’INITIAL DENSITY OF OIL
430 INPUT "NAME OF OUTPUT FILE =>", NAM2$
440 IF NAM23 ="" THEN GOTO 430
450 OPEN NAM2S$ FOR OUTPUT AS #2
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m »

470 "INPUT EXPOSURE CONDITIONS

430"

490 PRINT #2, *CALCULATION OF TI-IE WEATHERING OF *;OILTYPES:FRINT #2, * *
500 PRINT * *

510 PRINT "DO YOU WANT TO STORE THE OIL COMPONENT PROPERTIES ON DISK?"
520 INPUT *(Y)ES OR (N)O => ";PRPS$

530 IF PRP$="Y" OR PRP$="y* THEN PROP=1:IF PRP$="N" OR PRP$="n" THEN PROP=0
540 PRINT * *

550 PRINT "INPUT EXPOSURE CONDITIONS"

560 INPUT *EVAPORATIVE EXPOSURE Qe = >";QE

570 INPUT "DISSOLUTION EXPOSURE Qd =>";QD

580 PRINT #2, "EVAPORATIVE EXPOSURE Qe *.QE

© 590 PRINT #2, "DISSOLUTION EXPOSURE Qd *.QD

600 PRINT #2, * *:PRINT #2, * *

610 ZWT=0 :VWT=0 :

620 FORJ = 1 TO CLASS

630 FOR I=6 TO COMP

e | _

650 "CALCULATE THE PARTITION COEFFICIENTS

660 ° .
670  B(LI)=W(,J)/(1000*D(,) 'B IS MOLAR VOLUME(CUBIC METRE/MOL)
680  BB(LI)=B(1)*1000000! 'BB IS MOLAR VOLUME(CUBIC CENTIMETRES/MOL)
690 ° |

700  SLN=CLI)*WQ.J)

710  HELD=PLI/(R*TK)*B(1.J)

% ) HD()=C{.)*B1.])

740 'CALCULATE THE REMAINING MASS |

750 *

760  QEH=QE*HE(,J))

770 QDH=QD*HD{,J)

780  FE=1.38 *CORRECTION FACTOR FOR EVAPORATION

79  ZWQ,D)=Z(L)*EXP(FE*QEH)-QDH) "ZW IS MASS REMAINING
800  ZLAJ=Z(,J)-ZW(.J) "ZL IS MASS LOST

810 ZWT=ZWT+ZW(,J)

820 VWQADN=ZW{I.H/D(LT)

8§30 VWT=VWT+VW({.J)

840 NEXTI

850 NEXT I

860 DWT=ZWT/VWT "FINAL DENSITY OF OIL

8§70 PRINT #2, * *

880 PRINT #2, "Initial deasity kg/m3 ";DT

860 PRINT #2, "Final density kg/m3 *;DWT

900 PRINT #2,* "

910 FORJ = 1 TO CLASS

920 FORI = 6 TO COMP '

930 ZF(LJ)=100*ZW(I/ZWT "ZF IS FINAL MASS PERCENT
- 940 NEXTI - S
950 NEXTJ

m *

970 *CALCULATE TOTALS OF ROWS

980 °

990 FOR I=6 TO COMP



1000 Z({,CLASS+1)=0

1010 ZW(I,CLASS+1)=0

1020 ZF(,CLASS+1)=0

1030  ZL{,CLASS+1)=0

1040 FOR J=1 TO CLASS |

1050  Z(,CLASS+1)=Z({I,CLASS+1)+Z(,3)

1060  ZW(I,CLASS +1)=ZW(I,CLASS +1)+ZW(,J)

1070 ZF(I,CLASS+1)=ZF(l,CLASS +1)+ZF(,J)

1080  ZL(I,CLASS+1)=ZL{,CLASS+1)+ZL{J)

1090 NEXTJ

1100 NEXTI

1110 |

1120 *CALCULATE TOTALS OF COLUMNS

1130°

1140 FOR J=1 TO CLASS+1

1150 Z(COMP+1,1)=0

1160 ZW(COMP+1,J)=0

1170~ ZF(COMP+1,])=0

1180 ZL(COMP+1,J)=0

1190 FOR I=6 TO COMP

1200  Z(COMP+1,J)=Z(COMP+1,1)+Z(,])

1210  ZW(COMP+1,7)=ZW(COMP+1,)+ZW(Q,T)

1220  ZF(COMP+1,]))=ZF(COMP+1,])+ZF(L]).

1230  ZL(COMP+1,])=ZL(COMP+1,0)+ZL{L])

1240 NEXT I i

1250 NEXTJ

1260 IF PROP=0 THEN GOTO 1540

1270

1280 'PRINT THE PROPERTY AND COMPOSITION ARRAYS

1290

1300 PRINT #2, "W : MOLECULAR MASS (GRAMS PER MOLE)"

1310 CODES="W"

1320 GOSUB 2090
1330 PRINT #2, "P : VAPOUR PRESSURE (PASCALS)"

1340 CODES="P*

1350 GOSUB 2090 |
1360 PRINT #2, "S : WATER SOLUBILITY (GRAMS PER CUBIC METRE)"

1370 CODE$="s"
1380 GOSUB 2090 -
1390 PRINT #2, "C : WATER SOLUBILITY (MOLES PER CUBIC METRE)"
1400 CODE$="C* |
1410 GOSUB 2090 o
1420 PRINT #2, “D : DENSITY (KILOGRAMS PER CUBIC METRE)"
1430 CODES="D"
1440 GOSUB 2090 -
1450 PRINT #2, B : MOLAR VOLUME (CUBIC CENTIMETRES PER MOLE)*
1460 CODES$="BB"
1470 GOSUB 2090
1480 PRINT #2, “He : AIR-TO-OIL PARTITION COEFFICIENT (DIMENSIONLESS)"
1490 CODES="HE* ‘ -
1500 GOSUB 2090
1510 PRINT #2, "Hd : WATER-TO-OIL PARTITION COEFFICIENT (DIMENSIONLESS)"
1520 CODES="HD"
1530 GOSUB 2090
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1540 PRINT #2, "Z : INITIAL MASS PER 100 G OIL OR PERCENT"
1550 CODE$="Z"

1560 GOSUB 2430

1570 PRINT #2, "ZW : FINAL MASS PER INITIAL 100 G OIL"
1580 CODES="ZW"

1590 GOSUB 2430

1600 PRINT #2, "ZF : FINAL MASS PERCENT"

1610 CODES="ZF"

1620 GOSUB 2430

1630 PRINT #2, "ZL : MASS Losrpﬁnmxmr. 100 G OIL®
1640 CODE$="ZL"

1650 GOSUB 2430

1660 '

1670 PRINT *

1680 INPUT "DO YOU WANT TO ENTER DIFFERENT EXPOSURE CONDITIONS? (Y)ES OR
MO =>"CTS

1690 IF CT$="N" OR CT$="n" THEN ANS=1:IF CT$="Y" OR CT$="y" THEN ANS=2
1700 ON ANS GOTO 2820,1710

1710 FOR I= 6 TO COMP

1720 FOR J=1 TO CLASS

1730 ZADN=ZW{))

1740 NEXT J

1750 NEXT I

1760 PROP=0

1770 GOTO 560

1780 CLOSE #2

1790 *

1800 *'SUBROUTINE: READ DATA FILE AND NORMALIZE TO 100
1810 ° ‘

1820 INPUT "NAME OF DATA FILE =>°, NAMS

1830 [F NAMS$="* THEN GOTO 1820

1840 OPEN NAMS FOR INPUT AS #1

1850 INPUT #1, OILTYPE$

1860 FOR K=6 TO COMPF

1870 INPUT #1, 1

1880 FOR J=1 TO CLASS

1890 INPUT #1, Z(L))

1900 NEXT J

1910 NEXT K

1920 ZT=0

1930 FOR J=1 TO CLASS

1940 FOR I=6 TO COMP

1950 ZT=ZT+Z(J)

1960 NEXTI

1970 NEXTJ

1980 ZTT=0 o

1990 FOR J=1 TO CLASS

2000 FOR I=6 TO COMP

2010  ZAJ)=Z(1)*100/ZT

2020 ZTIT=ZTT+Z{J)

2030 NEXTI

2040 NEXT I

2050 RETURN

2060 CLOSE #1



2070 RETURN
2080°
2090 *SUBROUTINE: PRINT HEADINGS ON THE PROPERTIES TABLES
2100 * :
2110 PRINT #2, * -
2120 PRINT #2, | 1"
2130 FOR J=1 TO CLASS
2140 PRINT #2, " |
- 2150 NEXT J
2160 PRINT #2, " *
2170 PRINT #2, °| [
2180 PRINT #2, * N-ALKANE | BR-ALKANE| AROMATIC | POLAR |
2190 PRINT #2, *| |*
2200-FOR J=1 TO CLASS
2210 PRINT #2, * "
2220 NEXT J
2230 PRINT #2, * *
2240 FOR =6 TO COMP
2250 PRINT #2, USING " | #####°;1;
2260 PRINT#2," | o
2270 FOR J=1 TO CLASS _
2280 IF CODES="W" THEN PRINT #2, USING *###4.4% | W({,J):: GOTO 2360
2290  IF CODES="P" THEN PRINT #2, USING "##.##"*** |*; P(I,]);: GOTO 2360
2300 IF CODES="S" THEN PRINT #2, USING "##.##~** l ; S(I13);: GOTO 2360
2310  IF CODES="C" THEN PRINT #2, USING "##.##**** |*; C(IJ);: GOTO 2360
2320  IF CODES="D" THEN PRINT #2, USING *###.4¢ |°; D(J);: GOTO 2360
2330  IF CODES="BB" THEN PRINT #2, USING "####.4# |"; BB(,J);: GOTO 2360
2340  IF CODES="HE" THEN PRINT #2, USING “#.4##"“** | "; HE(L,J);: GOTO 2360
2350  IF CODE$="HD" THEN PRINT #2, USING "#.###"*** |*; HD(LJ);: GOTO 2360
2360 NEXT]J
2370 PRINT #2," "
2380 IF I=COMP THEN PRINT #2,
| | | | | "
2390 NEXT I
2400 PRINT #2, * ":PRINT #2, " *
2410 RETURN
2420
2430 'SUBROUTINE: PRINT HEADINGS ON THE COMPOSITION TABLES
2440
2450 PRINT #2, *

2460 PRINT #2, *| R
2470 FOR =1 TO CLASS+1

2430 PRINT #2, * i

2490 NEXT J

2500 PRINT #2, *

2510 PRINT #2, *| 1"

2520 PRINT #2, * N-ALKANE | BR-ALKANE| AROMATIC | POLAR | TOTAL |*
2530 PRINT #2, *| [

2540 FOR J=1 TO CLASS +1

2550 PRINT#2,° - |

2560 NEXTJ

2570 PRINT #2, * *

2580 FOR =6 TO COMP

2590 PRINT #2, USING °|####4.1;
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2600 PRINT #2," |=:
2610 FOR J=1 TO CLASS+1
2620 IF CODE$="Z" THEN PRINT #2, USING " ####.### | *; Z(LJ);: GOTO 2660
2630 IF CODE$="ZW" THEN PRINT #2, USING * ####.4#% |*; ZW(,J);: GOTO 2660
2640 IF CODE$="ZF" THEN PRINT #2, USING " ####.### | *; ZF(L));: GOTO 2660
2650 IF CODE$="ZL" THEN PRINT #2, USING " ###.### |*; ZL(L,J);: GOTO 2660
2660 NEXTJ
2670 PRINT #2,°°
12680 IF I=COMP THEN PRINT #2,
" | f [ l ! ' "
© 2690 NEXT I
2700 PRINT #2, *| TOTAL |*;
2710 [=COMP+1
2720 FOR J=1 TO CLASS+1
2730 IF CODE$="Z" THEN PRINT #2, USING "####.84% |"; Z(LJ);: GOTO 2770
2740 IF CODES="ZW" THEN PRINT #2, USING "####.4## |*; ZW(.J);: GOTO 2770
2750 IF CODES="ZF" THEN PRINT #2, USING "####.4#% |"; ZF(1J);: GOTO 2770
2760 IF CODE$="ZL" THEN PRINT #2, USING "####.### |"; ZL(.J);: GOTO 2770
2770 NEXT J
2780 PRINT #2, " " '
2790 PRINT #2, *| ! | | . | "
2800 PRINT #2, " “:PRINT #2, " T
2810 RETURN
2820 END

SYNTHETIC OIL
6,0.0,0.0,0.0,0.0
7,0.0,4.0,0.0,0.0
8,8.0,4.0,6.0,0.0
' 9,0.0,0.0,5.5,0.0
10,7.0,0.0,5.1,0.0
11,0.0,0.0,0.0,1.0
12,0.0,0.0,0.0,0.0
13,4.0,0.0,0.0,2.0
14,14.0,0.0,6.0,0.0
15,0.0,0.0,0.0,0.0
16,19.9,0.0,2.0,0.0
17,0.0,0.0,0.0,0.0
18,2.0,4.0,0.0,0.0
19,0.0,0.0,2.0,0.0
20,2.0,0.0,0.0,0.0
21,0.0,0.0,1.5,0.0
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B.2 Computer program listing for the "Solubility" approéch and the data file for the
synthetic oil

10 "MATRIX METHOD-"SOLUBILITY" APPROACH '
20°
30 CLASS=10
40 COMP=21!
50 "DIMENSION THE ARRAYS
60 COMPI=6!:COMPF=21!:COMPU=COMPF-COMPI+1
70° DIM P(COMP,CLASS), S(COMP,CLASS), C(COMP +1,CLASS +1), Z(COMP+1,CLASS+1),
B(COMP+1,CLASS +1),BB(COMP+1,CLASS +1), W(COMP,CLASS),
ZF(COMP+1,CLASS +1), ZW(COMP+1,CLASS + 1), HE(COMP+1,CLASS +1) -
80 DIM HD(COMP +1,CLASS + 1),D(COMP+1,CLASS +1),K(COMP+1,CLASS + 1)
,HL(COMP+1,CLASS +1)
,V(COMP +1,CLASS +1), VW(COMP +1,CLASS + 1), ZL{COMP +1,CLASS + 1) -
90 CLS
100 GOSUB 1750 "READ THE DATA FILE FOR COMPOSITIONS
110°
120 *CALCULATE PROPERTIES
130 * |
140 R=8.314
150 TC=25!
160 TK=TC+273.1
170 FOR =1 TO CLASS
180 FOR I=COMPI TO COMPF
190 W(J)=11.18%1+13.78
200 P(J)=R*TK*(10*(4.03-.493*T))
210 D(J)=608+1*21
220 NEXTI
230 NEXT J
270 FOR I=COMPI TO COMPF
280 FOR J= 1 TO CLASS
290 S{1,J)=10(31-1)
300 NEXTJ
310 NEXT I
320 VT=0
330 FOR =6 TO COMP
340 FOR J=1 TO CLASS
350 VINH=Z@I/DAI)
360 VT=VT+V(,J)
370 NEXT J
380 NEXT I
390 DT=ZTT/VT INITIAL DENSITY OF OIL
400 INPUT "NAME OF OUTPUT FILE = > *,NAM2$
410 IF NAM2$="" THEN GOTO 400
420 OPEN NAM2$ FOR OUTPUT AS #2
430°
440 'INPUT EXPOSURE CONDITIONS
450
460 PRINT #2, *CALCULATION OF THE WEATHERING OF “;OILTYPES:PRINT #2, * *
470 PRINT " *
480 PRINT *DO YOU WANT STORE THE OIL COMPONENT PROPERTIES ON DISK?*



490 INPUT *(Y)ES OR (N)O =>";PRP$
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500 IF PRP$="Y" OR PRP$="y" THEN PROP=1:IF PRPS “N* OR PRP$=".n' THEN PROP=0

SIOPRINT " "
520 PRINT "INPUT EXPOSURE CONDITIONS*

530 INPUT "EVAPORATIVE EXPOSURE Qe = >*;QE

540 INPUT "DISSOLUTION EXPOSURE Qd =>"*;QD

550 PRINT #2, "EVAPORATIVE EXPOSURE Qe *.QE
560 PRINT #2, "DISSOLUTION EXPOSUREQd - *,QD
570 PRINT #2, " “PRINT #2, °* '

580 ZWT=0 :VWT=0

590 FORJ = 1 TO CLASS

600 FOR I=6 TO COMP

610° '

620 'CALCULATE THE PARTITION COEFFICIENTS =
630°

640 B(IJ)sW(I,J)I(lOOO*D(I,J)) "B'IS MOLAR VOLUME(CUBIC ME’I’RE/MOL)
650 BB(L1)=B(IJ)*1000000!

660 CILN=SANHW{I,J)

670 HE(QJ)=P@LJ)/(R*TK}*B(LJ)

680 HD®EN=CIN*Bd.)) :

690 °

700 *CALCULATE THE REMAINING MASS

710°

720 QEH=QE*HE())

730 QDH=QD*HD({])

740  ZWQAD)=ZAN*EXP(-QEH-QDH) *ZW IS MASS REMAINING
750  ZLAN=ZAD-ZW(,J) *ZL IS MASS LOST

760 ZTWT=ZWT+ZW(,])

770 VWQIN)=ZWQ@J/D({.))

780 VWT=VWT+VW(,])

790 NEXT I

800 NEXT7J

810 DWT=ZWT/VWT "FINAL OIL DENSITY

820 PRINT #2, " *

830 PRINT #2, *Initial density kg/m3 *;DT

840 PRINT #2, "Final density kg/m3 ";DWT

850 PRINT #2, * *

860 FORJ = 1 TO CLASS

870 FORI = 6 TO COMP ‘

880 ZF(QJ)=100"ZW(,J)/ZWT *ZF IS FINAL MASS PERCENT
890 NEXTI

900 NEXTJ

910’

920 *CALCULATE TOTALS OF ROWS

m k

940 FOR I=6 TO COMP -

950 Z(I,CLASS+1)=0

960 ZW(I,CLASS+1)=0

970 ZF(,CLASS+1)=0

980 ZL({,CLASS+1)=0

990 FOR J=1 TO CLASS

1000  Z(I,CLASS+1)=Z(I,CLASS + 1)+ Z(.J)

1010 ZW(,CLASS+1)=ZW(I,CLASS + 1)+ ZW(L])

1020 ZF(I,CLASS+1)=ZF(l,CLASS + 1)+ ZF({,))
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| 1030 ZL{,CLASS+1)=ZL{,CLASS+1)+ZL{,J}

1040 NEXTJ

1050 NEXT I

1060 *

1070 *CALCULATE TOTALS OF COLUMNS
1080 *

1090 FOR J=1 TO CLASS+1

1100 Z(COMP+1.J)=0

1110 ZW(COMP+1,1)=0

1i20 ZF(COMP+1,])=0

1130 ZL(COMP+1,J)=0

1140 FOR I=6 TO COMP

1150  Z(COMP+1,5)=Z(COMP+1,))+Z(L])
1160  ZW(COMP+1,])=ZW(COMP +1,1)+ZW(J)
1170  ZF(COMP+1,])=ZF(COMP+1,7)+ZF(,J)
1180 ZIL(COMP+1,J1)=ZL(COMP+1,7)+ZLAJ)
1190 NEXTI

1200 NEXT J

1210 IF PROP=0 THEN GOTO 1490

1220 °

1230 "PRINT THE PROPERTY AND COMPOSITION ARRAYS ™~ """ ™

1240 °

1250 PRINT #2, "W : MOLECULAR MASS (GRAMS PER MOLE)*
1260 CODE$="W"

1270 GOSUB 2040 |

1280 PRINT #2, "P : VAPOUR PRESSURE (PASCALS)"

1290 CODES$="P"

1300 GOSUB 2040

1310 PRINT #2, *S : WATER SOLUBILITY (GRAMS PER CUBIC METRE)"
1320 CODES="5"

1330 GOSUB 2040

1340 PRINT #2, "C : WATER SOLUBILITY (MOLES PER CUBIC METRE)"

1350 CODE$="C"

1360 GOSUB 2040 . -
1370 PRINT #2, *D : DENSITY (KILOGRAMS PER CUBIC METRE)"
1380 CODES="D"

1390 GOSUB 2040

1400 PRINT #2, “BB : MOLAR VOLUME (CUBIC CENTIMETRES PER MOLE)"
1410 CODES-="BB"

1420 GOSUB 2040

1430 ‘PRINT #2, “He : AIR-TO-OIL PARTITION COEFFICIENT (DIMENSIONLESS)*

1440 CODES$="HE"
1450 GOSUB 2040

1460 PRINT #2, "Hd : WATER-TO-OIL PARTITION COEFFICIENT (DIMENSIONLESS)"

1470 CODE$="HD"

1480 GOSUB 2040

1490 PRINT #2, "Z : INITIAL MASS PER 100 G OIL OR PERCENT"
1500 CODE$="Z"

1510 GOSUB 2410

1520 PRINT #2, "ZW : FINAL MASS PER INITIAL 100 G OIL"

1530 CODE$="ZW"

1540 GOSUB 2410

1550 PRINT #2, “ZF : FINAL MASS PERCENT"

1560 CODES="ZF"
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1570 GOSUB 2410

1580 PRINT #2, "ZL : MASS LOST PER INITIAL 100 G OLL."
1590 CODES="ZL"

1600 GOSUB 2410

1610°*

1620 PRINT * *

1630 INPUT "DO YOU WANT TO ENTER DIFFERENT EXPOSURE CONDITIONS? (Y)ES OR
MO =>":CT$

1640 IF CT$="N" OR CT$="n" THEN ANS=1:IF CT$=-"Y" OR CT$="y" THEN ANS=2
1650 ON ANS GOTO 2830,1660

1660 FOR I= 6 TO COMP

1670 FOR J=1 TO CLASS

1680 Z{I,N)=ZW(.J)

1690 NEXTJ

1700 NEXT I

1710 PROP=0

1720 GOTO 530

1730 CLOSE #2

1740 *

1750 *'SUBROUTINE: READ DATA FILE AND NORMALIZE TO 100
1760 °*

1770 INPUT "NAME OF DATA FILE > " NAMS

1780 IF NAMS="" GOTO 1760

1790 OPEN NAMS FOR INPUT AS #1

1800 INPUT #1, OILTYPES

1810 FOR K=6 TO COMPF

1820 INPUT #1,1

1830 FOR J=1 TO CLASS

1840 INPUT #1, Z{A.D

1850 NEXTJ

1860 NEXT K

1870 ZT=0

1880 FOR J=1 TO CLASS

1890 FOR I=6 TO COMP

1900 ZT=ZT+Z{L))

1910 NEXT I

1920 NEXT J

1930 ZTT=0

1940 FOR J=1 TO CLASS

1950 FOR I=6 TO COMP

1960 Z{I,D)=Z{1,J)*100/ZT

1970 ZTT=ZTT+Z{.))

1980 NEXTI

1990 NEXT J

2000 RETURN

2010 CLOSE #1

2020 RETURN

2030

2040 'SUBROUTINE: PRINT HEADINGS ON THE PROPERTIES TABLES
2050 * ‘
2060 PRINT #2, "

2070 PRINT #2, °| [



APPENDIX C

Gas .Chromatograxﬁs of Heavy Crude Oils
and Their Saturate and Aromatic Fractions
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Figure C.1 Gas chromatograins of fresh California Crude API 11 oil and its saturate and
aromatic fractions.
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2080 FOR J=1 TO CLASS

2090 PRINT #2, * 1"
2100 NEXT J

2110 PRINT #2, * *

2120 PRINT #2, | 1%

2130 FOR J=1 TO CL.ASS ‘
2140 PRINT #2, USING " ### |":J;
2150 NEXT J

2160 PRINT #2, " *

2170 PRINT #2, *| [

2180 FOR J=1 TO CLASS

2190 PRINT #2, " {"

2200 NEXT J ‘

2210 PRINT #2, ° *

2220 FOR I=6 TO COMP

2230 PRINT #2, USING *|#¥###";1;

2240 PRINT #2, " |% _

2250 FORJ=1TO CLASS -

260  IF CODES="W" THEN PRINT #2, USING "####.## |*; W(LJ);: GOTO 2340

2270  IF CODES="P* THEN PRINT #2, USING "##.##"***|"; P(L,7);: GOTO 2340

2280  IF CODES="S" THEN PRINT #2, USING "##.##"***|*; S(L.I);: GOTO 2340

2290  IF CODES$="C* THEN PRINT #2, USING *##.##"***|*; C@J);: GOTO 2340

2300  IF CODE$="D" THEN PRINT #2, USING "####.## |"; D(LJ);: GOTO 2340

210 IF CODES="BB" THEN PRINT #2, USING “####.4# |°; BB(,J);: GOTO 2340

2320 [F CODES="HE" THEN PRINT #2, USING "#.###"**| *; HE(LJ);: GOTO 2340

2330 IF CODES$="HD" THEN PRINT #2, USING "#. ###*‘“; HD(LD);: GOTO 2340

2340 NEXTJ

2350 PRINT #2,"°

2360 IF I=COMP THEN PRINT #2, _

"l l I b | ! I l I
| f "

2370 NEXT I

2380 PRINT #2, " ":PRINT #2, *

2390 RETURN

2400 *

2410 'SUBROUTINE: PRINT HEADINGS ON THE COMPOSITION TABLES

2420

2430 PRINT #2, "

2440 PRINT #2,7] [
2450 FOR J=1 TO CLASS+1
2460 PRINT #2," |

2470 NEXT I
2430 PRINT #2, * *

2490 PRINT #2, *| [~

2500 FOR J=1 TO CLASS

‘2510 PRINT #2, USING * ##% |"J;
2520 NEXT J

2530 PRINT #2, = TOTAL |"

2540 PRINT #2, "| 1"

2550 FOR J=1 TO CLASS +1

2560 PRINT #2, * 3

2570 NEXTI



2580 PRINT #2, * *

2500 FOR I=6 TO COMP

2600 PRINT #2, USING *| #####";L;

2610 PRINT #2,° |%

2620 FOR J=1TO CLASS+1

2630  IF CODES="Z" THEN PRINT #2, USING "####.4##|"; Z(J);: GOTO 2670
2640  IF CODE$="ZW* THEN PRINT #2, USING "####.##%| "; ZW(J);: GOTO 2670
2650  IF CODES="ZF* THEN PRINT #2, USING "####.###| "; ZF(LJ);: GOTO 2670
2660 IF CODE$="ZL* THEN PRINT #2, USING "####.###| "; ZL(1J);: GOTO 2670
2670 NEXTJ

2680 PRINT #2,°°

2690 IF 1=COMP THEN PRINT #2,

‘| ! | ] ! T

| ! J
2700 NEXT I |
2710 PRINT #2, *} TOTAL |%
2720 1=COMP+1
2730 FOR J=1TO CLASS+1 o
2740  IF CODES="Z" THEN PRINT #2, USING "####.#4#| ; Z(LJ);: GOTO 2780
2750  IF CODE$="ZW" THEN PRINT #2, USING "####.4##| ; ZW(1,J);: GOTO 2780
2760 ° IF CODES$="ZF* THEN PRINT #2, USING “####.4##|*; ZF(LJ);: GOTO 2780
2770 . IF CODE$="ZL* THEN PRINT #2, USING “####.9##)"; ZL(L1);: GOTO 2780
5780 NEXT J P USING “###d.00%: " ZL(1LJ _
200 PRINT#Z e .
"1. ! " 1 |- | ' ‘}

} | I
2810 PRINT #2, " ":PRINT #2, " "
2820 RETURN
2830 END

SYNTHETIC OIL _
6,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
7,0.0,4.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
8,6.0,0.0,12.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
9,5.5,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
10,5.1,0.0,0.0,7.0,0.0,0.0,0.0,0.0,0.0,0.0
11,1.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
12,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
13,0.0,2.0,0.0,0.0,0.0,4.0,0.0,0.0,0.0,0.0
14,0.0,6.0,0.0,0.0,0.0,14.0,0.0,0.0,0.0,0.0
15,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
. 16,0.0,0.0,2.0,0.0,0.0,0.0,0.0,19.9,0.0,0.0
17,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0
18,0.0,0.0,0.0,0.0,0.0,0.0,0.0,4.0,2.0,0.0
19,0.0,0.0,0.0,2.0,0.0,0.0,0.0,0.0,0.0,0.0
20,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.0,2.0
21,0.0,0.0,0.0,1.5,0.0,0.0,0.0,0.0,0.0,0.0
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Figure C.2 Gas chromatograms of fresh Bunker C fuel oil and its saturate and aromatic
ﬁ'actlons.
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Figure C.3 Gas chromatograms of Cold Lake Bitumen and its saturate and aromatic
aetions. . e o e .



~ APPENDIX D

Composition Matrices of Heavy Crude Oils
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Table D.1 Matrix for initial mass per 100 g of California Crude API 15 oil or percent
using the "Hydrocarbon class” approach

elution normai branched
group alkanes alkanes aromatics polars total
Cs 0.428 0.350 0.000 0.000 0.778
c, 0.771 0.423 0.000 0.000 1194
C, 0.717 2.467 ~0.000 0.000 3.184
G 1.008 5.905 0.000 0.000 6.913
Cuo 1.075 5742 0.000 0.000 6.817
Cu 1.044 4215 0.000 0.000 5.319
C 0.990 1.416 0.000 0.510 2.916
o 0.917 4.484 - 0.616 0.510 6.527
Cu 1.275 1.960 1.676 0.510 5.421
Cus 0.900 0.992 2.317 0.510 4.719
Cus 1.284 - 3.168 7.247 0.510 12.209
Cur 0.600 1.268 3.023 0.510 5.401
Cu 0.500 2.666 4.691 0.510 8.367
Cyp 0.325 1.040 1.815 0.510 3.690
Ca 0.298 - 0.000 0.000 0.510 0.808
Ca 0.012 0.000 25.215 0.510 25.737
total 12.144 36.156 46.600 5.100 100.000




Table D.2 Matrix for initial mass per 100 g of California Crude API 11 oil or
* "using the "Hydrocarbon class" approach

131
percent

elution normal braﬁched ' -
group aikanes alkanes aromatics polars total
Ce 0.000. 0.000 0.000 0.000 0.000
c, 0.080 0.000 0.000 0.000 0.080
Cs 0.324 0.542 0.000 0.000 0.866
c, 0.381 0.713 0.000 0.000 1.094
Cuo 0.232 1.121 0.000 | 0.000 1.353
Cu 0.155 1.264 0.000 0.000 1.419
Ce 0.353 1691 - 0.830 | 0.510 3.384
Co 0.453 2.330 1.818 0.510 5.111
Cu 0.413 2.210 3.564 0.510 6.697
Css 0.240 1.429 4.403 0.510 6.582
Ce 0.315 3.224 12.381 0.510 16.430
Cy 0.504 0.583 3811 | 0510 5.468
Cae 0.381 1.019 6339 0.510 8.249
Cyo 0.287 1.563 7.541 0.510 9.901
Ca 0.052 10392 4.365 0.510 5.319
Ca 0.000 0.249 27288 | 0510 | 28.047
total 4.170 18.330 72.400 5.100 100.000
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Table D.3 Matrix for initial mass per 100 g of Bunker C fuel oil or percent using the
"Hydrocarbon class” approach

eiution nﬁrmal branched -

group alkanes alkanes aromatics polars total
Cs 0.000 © 0.000 0.000 0.000 0.000
o 0.000 0.000 0.000 | 0.000 0.000
C 0.000 0.000 0.000 0.000 0.000
c,‘ 0.000 0.000 0.000 0.000 0.000
Cyo 0.000 0.274 0.000 0.000 0.274
éu 0.260 0906 | 0.320 0.000 1.486
C ‘0.411 0.000 1.715 0.510 2.642
Co | 0509 0.261 0.551 0.510 1.831
_ c’,‘. 0.619 0.601 3.613 0.510 5.343
e | osm 1.532 558 | 0.510 8.428
Cus 1.124 6.949 6172 | 0510 14.755
o 1.524 4.042 9.906 0.510 15.982
(o 0.613 5.852 10.417 0.510 17.392
Ce 1.174 0.316 6.532 0.510 8.532
Cx 1.029 1.908 3.472 0.510 6.919
Ca 2489 | 0.000 13417 | 0510 16.416
total 10.560 22.641 61.699 5.100 100.000




